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Abstract 
Modifications to the ionic strength of aqueous surfactant solutions 
have been examined to determine the effect on oil con tact angles and the 
removal of the oil from a solid surface. Other variables altered include 
the solid surface, surfactant concentration, surfactant class and the type 
of oil. Each individual variable had an affect on the contact angle. The 
surfaces studied in this case were a gold-coated glass slide and stainless 
steel. The organic oil hexadecane was used on the gold-coated glass and 
stainless steel surfaces. A blend oil MAR-TEMP® 355 was used on the 
stainless steel. Aqueous solutions of anionic surfactant sodium dodecyl 
sulfate (SOS) and cationic surfactant cetyl trimethyl ammonium bromide 
(CTAB) were used on both surfaces. The surfactant concentration and 
ionic strength were found to effect the removal of both oils from a 
stainless steel surface. The contact angles achieved on the gold-coated 
glass were greater than stainless steel. Increasing the surfactant 
concentrations increased the contact angle of both oil droplets on the 
surfaces. Increasing the ionic strength while maintaining a constant 
surfactant concentration increased the contact angle of both types of oil 














List of Figures 
Part II. 
Figure 1. Giles Isotherm Classification 16 
Figure 2. Contact Angle Measurement o_f Oil Droplet 23 
Figure 3. Experimental Set-up 24 
Figure 4. Hexadecane on Gold in SDS Solutions 25 
. . 
Figure 5. Hexadecane on Gold in SDS Solutions with Electrolytes 26 
Figure 6. Electrolyte Concentration Effects on Hexadecane in SDS 27 
Figure 7. Hexadecane on Gold in CTAB Solutions 28 
Figure 8. Electrolyte Concentration Effects on Hexadecane in CTAB 29 
Part III. 
Figure 1. Hexadecane on Steel in SDS Solutions 51 
Figure 2. Hexadecane on Steel in SDS Solutions with Electrolytes 52 
Figure 3. MAR-TEMP on Steel in SDS Solutions 53 
Figure 4. MAR-TEMP on Steel in SDS Solutions with Electrolytes 54 
Figure 5. Hexadecane on Steel in CTAB Solutions 55 
Figure 6. Hexadecane on Steel in CTAB Solutions with Electrolytes 56 
Figure 7. MAR-TEMP on Steel in CTAB Solutions 57 
Figure 8. MAR-TEMP on Steel in CTAB Solutions with Electrolytes 58 
Figure 9. Oil Removal in SDS Solutions with Electrolytes 59 
Vl 
Figure 10. Oil Removal in CTAB Solutions with Electrolytes 60 
vu 
Nomenclature and Glossary of Terms 






























Environmental Protection Agency 
octophenol polyglycol ether 
sodium dodecyl sulfate 
cetyl trimethyl ammonium bromide 
3-[(3-cholamidotrophyl)­
dimethylammonio]- 1- propane-sulfonate 
hydrate 
measure of hydrogen ion concentration 










Brunauer, Emmett, and Teller 
sodium chloride 
Angstrom 
High Performance Liquid Chromatography 
visible range 
millimolar 
weight of clean coupon 
weight of contaminated coupon 






Industrial cleaning and degreasing processes have seen radical 
changes over the years. The solvents commonly used in the processes 
were deemed unacceptable due to their detrimental impacts on the 
environment and human health. Chlorofluorocarbons (CFCs), also 
known as Freons, were one of the primary solvents used in the process. 
Some commonly used CFCs were trichloroethane (TCA) and 
trichloroethylene (TCE). They are volatile 1- and 2-carbon compounds 
containing· chlorine (Cl)·and fluorine (F). CFCs are relatively nonreactive, 
which made them a terrific choice for cleaning, but their extremely 
volatile nature has lead to a large amount of these compounds being 
released to the atmosphere over the years. In the stratosphere, CFCs 
undergo photodecomposition by ultraviolet radiation. This process 
breaks the C-Cl bond and releases the Cl radical, a highly reactive atom. 
These Cl radicals then react with ozone (03) to create oxygen (02) and 
ClO. The ClO can then react with atomic oxygen, which is abundant, 
and nitric oxide to regenerate the. Cl radical restarting the chain reaction 
of ozone destruction. The chain reactions caused by the release of CFCs 
to the atmosphere are believed to be the single greatest catalyst involved 
in ozone depletion. In 1986, one portion of the Montreal Protocol called 
for the elimination of CFC production and their subsequent use in 
industrial cleaning and degreasing starting in 1989. It was suggested 
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that possible substitutes for CFCs were hydrogen-containing 
chlorofluorocarbons (HCFCs) ( 1,2). 
HCFCs contain H-C bonds that are easily broken, so they are 
destroyed in the lower levels of the atmosphere before reaching the 
stratosphere (1). Though HCFCs were initially thought to be a feasible 
alternative to CFCs, they have been shown to have detrimental effects on 
humans as well. In June 1990, the London Amendment, a revision to 
the Montreal Protocol, called for the elimination of HCFCs between 2020 
and 2040 and the elimination of CFCs by 2000. To aid in the elimination 
process, the various solvents were placed into two classes. Class I 
consisted of halogenated CFCs and Class II contained HCFCs (2). 
Later that year in November, the Clean Air Act Amendments of 
1990 were passed. The Amendments of 1990 proposed an extreme 
revision of the original Clean Air Act. Three main areas of concern were 
addressed: acid rain, urban air pollution, and toxic air emissions. In 
Title VI, Stratospheric Ozone and Global Climate Protection, the date for 
complete phase out of CFCs and other Class I chemicals remained at 
2000 but the interim reductions were tightened. For HCFCs and other 
Class II chemicals, a deadline of 2030 was set for their elimination. Title 
VI also called for a substitution list for Class I and Class II chemicals 
compiled of both safe and unsafe chemicals. Unsafe substitutes were 
banned. The Amendments of 1990 also called for industry and various 
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businesses to prevent any accidental release of highly toxic chemicals by 
careful planning. This called for the creation of the Chemical Safety 
Board, which investigates and reports on cases of accidental release (3-
5). 
In 1996, the deadlines were again moved for the elimination of 
CFCs and HCFCs. As the result of decades of toxic emissions release of 
CFCs and HCFCs become more visible and concerning, the 
Environmental Protection Agency (EPA) adjusted the time frame for their 
subsequent elimination. The deadline set for the elimination of CFCs 
was to occur no later than 1996 and 2003 for HCFCs (2). 
In the midst of the legislation changes, industrial facilities sought 
to find an environmentally friendly alternative to their cleaning 
processes. An alternative to the traditional organic solvents previously 
used in the processes is aqueous detergents. These detergents are water 
soluble and present reduced hazards to both the environment and 
human health. These detergents containing water soluble compounds 
are referred to as surface-active agents or surfactants. The 
characteristics of surfactants are what make them viable alternatives for 
the banned solvents. Surfactants have an amphipathic structure. One 
group, lyophobic (hydrophobic), has little attraction to the solvent and 
the other group, lyophilic (hydrophilic), is strongly attracted. In aqueous 
solutions, the lyophilic group keeps the surfactant in solution. The 
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hydrophobic group is usually a long-chain hydrocarbon residue having a 
variety of different structures and the hydrophilic group is usually ionic 
or polar and is used to classify the surfactants. Anionic surfactants have 
a negative hydrophilic group. A positive charge designates a cationic 
surfactant. In some cases, both a positive and negative charge is present 
and is referred to as zwitterionic surfactants. If there is no charge, the 
surfactant is classified as nonionic. Due to the vast possibilities of 
surfactant structures it becomes important to identify the purpose of the 
surfactant in order to choose one with the desired characteristics 
required.· The cost of surfactants varies, so it becomes economically 
beneficial for companies to choose the lowest cost surfactant that will do 
the job (6). 
The majority of aqueous based surfactant solutions purchased by 
industrial companies contain additives. In order to create better 
performance aqueous surfactant solutions, an understanding of how 
these additives affect the behavior of the surfactants is required. The 
focus of many prior colleagues has been on how the composition of the 
basic aqueous surfactant solutions, with no additives, effects the removal 
of oil from a solid surface. Though a great deal of research has been 
performed to understand how surfactants behave in a detergency 
system, there are still many questions remaining. Starkweather et al. 
studied how surfactant concentration and the solution pH effected the 
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ease of oil removal by observing the con tact angle of the oil. A strong 
relationship between oil droplet behavior and contact angle was 
discovered (7-9). Rowe et al. followed up on the pH portion of 
Starkweather's research incorporating in different classes of surfactants 
and investigated the effects of applied potential to the detergency system 
(10,11). Currently, Morton et al. is developing a thermodynamic-based 
model to predict the behavior of aqueous surfactant solutions on oil 
removal from surfaces.-( 1 �). 
The research presented m the following two papers is based on 
fundamental research assumptions provided by the previous and current 
colleagues. The first assumption is that surfactant adsorption on solid 
surfaces can have a dramatic effect on the capability of the oil to wet the 
surface. The s�cond is the assumption that a strong relationship exists 
between oil droplet behavior and cleaning. From these assumptions, 
research has been performed in an attempt to improve the ability of an 
aqueous surfactant solution to removal oil from a solid surface. The first 
paper investigates how the concentration of surfactant and ionic strength 
affect the contact angle of a pure organic oil droplet on a gold-coated 
glass slide. The ability to understand how these factors affect a simple 
oil on a relatively smooth surface lays the groundwork for the second 
paper and proposes a mechanistic model for the contact angle data. The 
second paper investigates the concentration of surfactant and ionic 
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strength effects on the contact angle of the pure organic oil and 
industrial quenching oil on a rough stainless steel surface. The use of 
the industrial quenching oil on a stainless steel surface is a simplified 
version of the type of cleaning process existing in industry. Basic 
ultrasonic bath cleaning experiments are also performed for the 
industrial quenching oil on stainless steel. The effects of surfactant 
concentration and ionic strength on the removal of oil from the stainless 
steel surface in the aqueous cleaning bath are examined . .  
This research will provide a method of predicting the cleaning 
success of a surfactant solution through contact angle behavior. The 
work will show that ionic strength can be beneficial in the removal of oil 
from solid surfaces. This will enable industry to purchase raw surfactant 
and adjust the aqueous solution to contain only the required amount of 
surfactant at a specific ionic strength needed to achieve the cleaning 
desired. It is through the reduction of surfactant needed and the 
possible recapturing of the ions in solution that a reduction in the 
wastewater produced in industrial cleaning can be achieved. The 
economical and environmental benefits possible by ionic strength 
modification of surfactant based aqueous cleaning solutions provide 
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Ionic Strength Effects on Hexadecane Contact Apgles on Gold 
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Introduction 
There has been a broad range of research performed on 
surfactants over the years due to their importance in many fields. 
Surfactants are used for detergency, remediation, mineral and 
petrochemical recovery, paints and coatings formulation and many other 
industrial and commercial applications ( 1-5). However, there is still a 
need to better understand the basic phenomena behind surfactant 
behavior to improve their performance. 
The use of surfactants in the cleaning/degreasing process has 
significantly increased over the years due to the bannfng of solvents by 
the Clean Air Act Amendments of 1995 due to their environmental 
impacts. The substitution of surfactants for these solvents has been of 
particular interest due to their cleaning ability. Though much progress 
has been made in this area there are still opportunities for improvement. 
Previous colleagues had investigated the effects of altering the 
surfactant based cleaning system. Starkweather et al. investigated the 
effects of varying surfactant solution concentration and pH on the 
removal of oil from a metal surface. The studies focused on the change 
in interfacial tensions of the aqueous/oil interface and the contact angle. 
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It was determined that as the surfactant concentration increased at a 
constant pH, oil removal increased. As pH increased with constant 
surfactant concentration, oil removal increased. Increasing either the pH 
or surfactant concentration also reduced the oil/ surfactant interfacial 
tension and increased the contact angle of the oil on the surface. 
Starkweather's et al. and Carroll's research suggested that the reduction 
in interfacial tension and increased contact angle correlate to increased 
oil removal or cleaning. from a solid surface (2 ,6-8). Rowe et al. extended 
Starkweather's et al. research on pH, which concentrated on nonionic, 
Triton X-100, and anionic surfactant, SDS, by incorporating in a 
cationic, CTAB, and zwitterionic, Chaps. Rowe's et al. research focused 
more on the solution/ solid interface rather than the oil/ solution 
interface and investigated whether an applied potential, 0 to ±4 range, 
could cause the same effects as pH alterations. It was found that at high 
pH solutions, oil removal increased with surfactant solutions that 
exhibited negatively charged oil/ aqueous interfaces, while low pH 
solutions worked better for positively charged oil/water interfaces. Rowe 
et al. discovered that the cationic surfactant performed best at the low 
range of negative voltage, the nonionic surfactant performed best as 
voltage increased, and the anionic surfactant cleaned best at both ends 
of the applied potential range. The zwitterionic exhibited the behavior of a 
cationic surfactant at low voltage, a nonionic surfactant as voltage 
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increased and an anionic surfactant at both ends of the applied voltage 
range (9-10). 
This study builds on the foundations provided by the research of 
Starkweather and Rowe and focuses on the effect of electrolyte addition 
on ionic surfactant cleaning behavior. A simplified detergency system 
consisting of an oil droplet on a gold-coated glass surface was used. The 
contact angle of the oil to the solid surface was measured to evaluate the 
electrolyte effects. In the previous work of Starkweather and Rowe, an 
industrial quenching oil, MAR-TEMP 355, was used. For this study, it 
was desired to use an oil with defined properties. Hexadecane, a pure 
oil, was chosen. 
Background 
In a fluid-fluid-solid system, for this study water-oil-solid, 
competition exists between the fluids for the surface area of the solid. 
This competition is termed wetting. The wetting is categorized into: (1) 
spreading wetting, (2) adhesional wetting and (3) immersional wetting; 
and the degree of wetting can be determined by the thermodynamics of 
the process. In spreading wetting with a fluid-fluid-solid system, one 
liquid will displace the other fluid from the solid surface. Adhesion 
wetting occurs when a fluid adheres to the free solid surface after coming 
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m contact with the solid and in immersion wetting, the solid is 
completely immersed by the liquid after contact. If dealing with a large, 
porous, textile or powder surface, equilibrium may not be reached during 
wetting. In these situations, the kinetics of the processes is used to 
determine wetting. Another way to determine the wetting between two 
fluids and a solid can also be determined by the contact angle formed 
between the solid and the two fluids ( 11). 
The wetting of -the system can be altered by the addition of 
surfactant. The addition of surfactant can either increase the wetting 
capability or hinder it . A decrease in wetting can occur when the 
substrate is porous. The wetting can also be decreased in situations 
where the substrate characteristics are altered by surfactan·t adsorption 
( 11). In either case of increased or decreased wetting, the ability of 
surfactant solution to wet the solid surface is limited by both diffusion 
and adsorption. Surfactant monomers must diffuse through the aqueous 
phase then adsorb to the solid surface and the material. The model 
previously used to describe this phenomenon is given by Somasundaran 
and Fuerstenau but has been modified due to new results. In the 
Samasundaran and Fuerstenau model approach to adsorption and the 
recent modifications to it, adsorption is divided into four regions. In 
region I, there is little adsorption of surfactant to the surface based on 
the Samasundaran and Fuerstenau model. This region has been 
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modified to account for a small number of aggregates. Region II shows a 
substantial increase m surfactant adsorption with increased 
concentration while region III illustrates a dramatic decrease in 
adsorption with concentration increase. When entering region IV, the 
system is reaching its critical micelle concentration (CMC) . The CMC is 
the concentration where additional surfactant only aids in the process of 
micelle aggregate formation, resulting in an adsorption plateau ( 12) . 
This concept of surfactant diffusion and adsorption are extremely 
important in the area of detergency. Although surfactants are not 
necessary for detergency, usually they are the principle active component 
( 1 3) .  I n  detergency, surfactants must diffuse through both the aqueous 
phase and the material, soil, adhering to the substrate and adsorb. to 
both the soil and -substrate ( 1 ,  1 1 ) �  The situation is further complicated 
due to the numerous varieties of substrates and soils. Substrates can 
vary from non-porous and hard surfaces to porous and soft. Soils are 
usually classified as either liquid or solid but can be a combination of 
both. _ However, in both cases, the adherence of soil to the substrate is 
assumed to be due to van der Waals forces. The removal of the soil from 
the substrate is the first part of the cleaning process. The next step 
involves the prevention of the soils re-adherence to the surface ( 1 1 ) .  For 
a fiber-soil particle system, Batra et al proposed a two-stage cleaning 
process to describe the diffusion and adsorption process ( 1 ) .  
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Adsorption is characterized into various isotherms, which can take 
a variety of shapes. The type of isotherm is determined by eight factors: 
1 )  adsorption rate; 2) isotherm shape; 3) isotherm plateau; 4) solvent 
adsorption ;  5) monomolecular or multi-layer adsorption; 6) adsorbed 
molecule orientation; 7) temperature effect; 8) interaction between 
adsorbate and adsorbent. Most isotherms exhibit a steady rise in 
adsorption as the concentration increases for dilute solutions ( 1 4) .  
However, Giles et al have reported a variety of shapes. Giles classifies 
isotherms by two categories . Figure 1 shows the different classifications 
of Giles isotherms. Isotherms are first divided into four classes; 1 )  S;  2) L; 
3) H; 4) C, depending on the initial section shape . 
s L H C 
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Figure 1 :  Giles Isotherm Classifications ( 14) 










The isotherms are further broken down by its behavior at higher 
concentrations. The most common type of isotherm, L2, exhibits an 
adsorption that is concave to the concentration and reaches a plateau. 
This type of isotherm is referred to as the Langmuir. Adsorption above 
this plateau is classified as a 3 and a second plateau defines a 4 .  Sub­
class five exhibits a unique shape where a maximum is reached then a 
. decrease in adsorption is observed followed by another increase and so 
on. An adsorption curve that starts as convex to the concentration then 
is followed by a point of inflection leading to an S-shape defines the class 
S isotherms. When the adsorption is extremely high at . low 
concentrations, the isotherm is a member of the H class. Class C occurs 
when the adsorption is initially linear. All classes can then develop into 
sub-classes 2 through 5 as described for class L ( 1 5, 16) .  
The shape of the isotherm can lend information about the system. 
Classes L and H occur when there is minimal interaction between 
adsorbed molecules. When interaction exists, cooperative adsorption 
occurs leading to an S isotherm. This is favored when the solvent is 
highly adsorbed, which results in solute molecules packing in rows or 
clusters at the surface. Class C occurs when the number of adsorption 
sites remains constant with concentration. This class can occur after an 
L or H type of initial adsorption ( 1 4) . The most commonly used isotherm 
is the L2 or the Langmuir. The Langmuir isotherm is a simple 
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adsorption isotherm based on several assumptions . The assumptions 
include; 1 )  homogeneous surface independent of preferred adsorption 2) 
no interaction between absorbed molecules 3) only monolayer adsorption 
occurs. These assumptions are over simplifications for most systems but 
. do provide a basis for surface adsorption and its process ( 1 7) . However, 
since the Langm�ir is confine to only single layer adsorption, another 
isotherm is needed for multi-layer adsorption. An extension of the 
Langmuir to include multi-layer adsorption was developed by Brunauer, 
Emmett, and Teller (BET) ( 1 8) .  The BET isotherm describes the shape of 
an isotherm that is similar to the L4 provided by Giles, with the 
exception that the second adsorption plateau is never reached. 
The type of soil adsorbed to the surface,  as well as, surface 
characteristics, hydrophobic or hydrophilic , determine the method of 
cleaning. Removal of a solid soil is typically accomplished by submersion 
into an aqueous bath. The method involves two steps to remove the solid 
soil. The first step is the wetting of the substrate and soil by 
submersion. Repulsive forces between the soil and the substrate 
combined with the van der Waals forces reduces adhesion. The second 
step involves surfactant adsorption at both the substrate/ liquid and 
particle/ liquid interfaces. The adsorption of the surfactant results in a 
decrease in the work needed to remove the soil from the substrate . The 
type of surfactant used is an important factor in the adsorption process . 
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Adsorptions of anionic surfactants cause an increase in the negative 
electrical potentials increasing the repulsive forces and easing removal . 
However, in the cleaning process mechanical work may be necessary · to 
aid in the wetting and removal of particles ( 1 1 ) .  
An aqueous bath is also used for oily soil but the mechanism 
behind the removal is different than solid soil . For oily soil, the removal 
occurs by a "rollback" mechanism. The oily soils rolls up into droplets 
that are removed ·by either bath currents or mechanical work. Rollback 
of the soil can either remove the soil completely or partially. The degree of 
removal can be determined by the contact angle between the bath, oil 
and the substrate. Complete removal of the droplet without any 
additional forces occurs when the contact angle is 1 80° . Bath turbulence 
is needed for complete removal when the contact angle is between 90° 
and 180° . Below 90° , only partial detachment of the droplet will occur 
( 1 1 ) .  
The contact angle , adsorption and wetting of surfactant solutions 
have been known to be affected by changes in the chemical composition 
and system parameters such as surfactant concentration, pH, electrolyte 
concentration and surface roughness ( 1 ,4 ,6-7, 1 2 ,  1 9-27) . For example,  in 
studies involving oil droplets on silica surfaces in the presence of the 
cationic surfactant cetyl trimethyl ammonium bromide (CTAB) ,  high 
concentrations of cationic surfactant result in a complete adsorption of 
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CTAB to the silica, preventing adherence of the oil (27) .  In another study 
involving silica, it was found that the addition of ionic polyelectrolytes 
significantly increased adsorption of surfactant to the silica surface (20). 
In fibers, Batra et al found that addition of electrolytes at low surfactant 
concentrations increased the adsorption of surfactants (1). In an oil­
sand study, the adsorption of anionic sodium dodecyl sulfate (SDS) was 
also increased . with the addition of electrolytes ( 4) .  In · all the cases 
described above, these results were attained for systems where 
surfactant concentrations were below the CMC . . This is important due to 
the difference in configuration of absorbed surfactant above and below 
the CMC. 
Experimental 
Materials. Two types of surfactants were used in this study, 
anionic and cationic. The SDS was chosen for the anionic surfactant 
and CTAB for the cationic. The 1: 1 salt NaCl was used to alter the ionic 
strength of the solutions. Both surfactants were purchased from Fisher 
Scientific of Fair Lawn, New Jersey. The purity of SDS was reported by 
the manufacturer to be 98% and 100% for CTAB. The NaCl was 
purchased from J.T. Baker Inc. of Phillipsburg, New Jersey at chemical 
grade. The water used to make the solutions was deionized. The surface 
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used in this study was a 1 .0mm gold-coated glass slide purchased from 
Asylum Research of Santa Barbara, California. The slide was 
continuously coated to a gold thickness of 200A with a tolerance of 50A. 
A layer of chromium lies between the glass slide and the gold coating. A 
combination of hexane, acetone and 2-propanol were used to clean the 
gold-coated slides. Hexane, acetone and 2-propanol were all purchased 
from Fisher. Hexane was purchased at HPLC grade, acetone at a purity 
99% and 2-propanol at HPLC grade. • The organic oil hexadecane was 
purchased from Fisher at a purity >98%. A VIS (Visible Range) cell, path 
length of 30mm, was purchased from Spectrocell . A Tantec CAM-PLUS 
contact angle meter, purchased from Tantec of Schaumburg, IL, was 
used to analyze the contact angles. The Tantec uses the Half-Angle™ 
Tangent line technique to determine the angles. The -repeatability of the 
instrument is documented as ±2° and the accuracy as ± 1 . 5° . 
Methods and procedures 
Methods. The ·gold-coated slide was cut into three pieces of 
approximately equal size. To ensure that the gold-coated surfaces were 
clean, they were individually soaked in a hexane bath for 1 2- 1 6  hours. 
Immediately before use, the slides were rinsed with acetone and blown 
dry with pure air run through DRY-RITE® . Using a micropipette, the 
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gold-coated slide was then contaminated with a 2µL droplet of 
hexadecane. The contaminated slide was allowed to sit before 
submerging in solution to allow time for wetting of the surface, 
approximately 2 minutes. Wetting was complete when there was no 
longer a visible change in the oil drop. 
A VIS cell was used to hold the aqueous bath. Using a syringe , 
20mL of deionized water was added to the cell . After wetting, the slide 
was gently placed into the distilled water and quickly plunged to the 
bottom. This submersion technique was performed to avoid any change 
in contact angle due the breaking of the water/ air interface . The initial 
contact angles were taken in deionized water to form a baseline . This 
procedure was also performed to ensure that the slide had no residual 
hexadecane after the hexane bath . 
The slide was then taken out of the deionized water, rinsed off with 
additional deionized water to remove any remaining hexadecane and 
then placed in a 2-propanol bath. The 2-propanol bath was agitated to 
remove the remaining hexadecane. The slide was then rinsed with 
acetone and blown dry with pure air run through DRY-RITE® . The 
hexadecane contamination procedure was then repeated . 
As the hexadecane wet the slide, the deionized water in the VIS cell 
was replaced with lmM SDS solution. Contact angles were repeatedly 
taken at this SDS concentration while performing the slide cleaning 
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method described earlier between runs. This contact angle procedure 
was repeated for SDS concentrations ranging from lmM to 12 .09mM and 
CTAB concentrations from O . lmM to 0 .98mM. All the surfactant 
solutions were prepared daily to prevent breakdown or contamination of 
the solution. This was particularly important in the _ case of CTAB, which 
tends to fall out of solution. 
After obtaining contact angles of salt-free surfactant solutions, new 
surfactant solutions were prepared with the addition of NaCl. Nail 
concentrations ranging from O .OSmM to 2 .SmM were added to 2mM, 
SmM, 7mM and 12mM SDS solutions. To O . lmM, 0 .4mM, 0 .75mM and 
lmM CTAB solutions, NaCl was added ranging from O.  lOmM to 2 .SmM. 
The same contact angle procedure was performed as well as the slide 
cleaning method between runs. The surfactant-salt solutions were also 
prepared daily. 
Procedure. Figure 2 illustrates the contact angle measured. 
Figure 2: Contact Angle Measurement of Oil Droplet (28) 
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A. Light Source 
B. Sample Cell 
C. Tantec Contact Angle Meter 
Figure 3: Adapted Experimental Set-Up (28) 
Figure 3 shows the apparatus used to measure the contact angles. 
Discussion 
The contact angle data obtained in this study appear to follow 
Giles isotherm type trends. Figure 4 illustrates the relationship between 
contact angle and SDS concentration. An increase in surfactant 
concentration is directly proportional to an increase in the contact angle. 
In the contact angle data, two plateaus are observed. The first plateau 
occurs around SmM SDS and the second around 8mM. The second 
plateau occurs near the CMC of SDS, which is 8.2mM. The data trend 
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seems to follow a L4 type of isotherm. However, it is known that once 
adsorption of surfactant to the surface starts occurring, the ease at 
which additional surfactant adsorbs to the surface is increased. This is 
the definition of a Giles S type of isotherm not an L. An L type of 
isotherm occurs when adsorption of surfactant to new surface sites 
becomes more inhibited as the adsorption process continues ( 1 5 , 16) .  
Therefore, it i s  believed that the two plateau trend is following the S4 
type isotherm. The initial slope of the S4 type isotherm is not seen due 
to the fact that contact angle data at extremely low concentrations of 
SDS were not taken. 
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The effect of the addition of 2. 5mM NaCl through the range of SDS 
concentrations is shown in Figure 5. When compared to the original 
· data obtained for SDS, the addition of electrolytes, NaCl, significantly 
increases the contact angles from 10% to 13%. The SDS plus NaCl curve 
seems to appear like an L type isotherm, specifically L2. However, as 
previously stated, it is known that surfactant adsorl?tion falls in to the S 
class of isotherms. Therefore, it is believed that the contact angle trend 
of SDS plus 2 . 5mM NaCl in Figure 5 is actually an S2 type of isotherm. 
The initial S2 slope is again missing due to the fact that data was not 
taken at low enough concentrations of SDS. 
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The effect of the full range of Na Cl concentrations on SDS solutions 
is shown in Figure 6. As SDS concentration increases while the 
concentration of NaCl is held constant, the contact angle increases. 
However, there is not a significant difference between 7mM and 1 2mM 
SDS over the range of NaCl concentrations compared to the lower 
concentrations of SDS. This is probably due to the fact that the addition 
of electrolytes seems to have little to no effect on the CMC of SDS . This 
relatively constant CMC can be seen in Figure 5. Therefore, 1 2mM SDS 
concentrations will be similar to 7mM SDS. The curves resemble the 
previous SDS plus NaCl curves in Figure 5, S2 . 
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The NaCl effect on the range of CTAB concentrations is shown in 
Figure 8. The contact angle data is similar to the SDS plus NaCl seen in 
the Figure 6. An increase in contact angles are observed when electrolyte 
,. ... eo,n:centration increases.  An increase in the contact angle data is also 
observed when electrolyte concentration is held constant and the 
surfactant concentration increases.  Like Figure 6, the data is considered 
a S2 type of isotherm. One difference between Figure 6 and Figure 8 is 
that high concentrations of CTAB exhibit an increase in contact angles. 
Though NaCl does not affect the CMC, CTAB has a CMC range so an 
effect by NaCl on CTAB concentrations can vary. 
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Proposed Mechanistic Model 
From the data obtained m this study, a proposed mechanistic 
model has been developed to explain the behavior of the surfactant 
systems. It has been discussed that a change in the shape of the 
adsorption isotherm may be a result of a change in the orientation of the 
absorbed species ( 14). This is believed to be the case in the work 
presented here. In Figure 4 and 7, the initial increase in contact angle 
data is believed to be the adsorption of a single monolayer on the 
surface. As the surfactant concentration increases, the adsorption 
increases up to the point where the repulsive forces between absorbed 
surfactant head groups prevents any additional adsorption of surfactant. 
This phenomenon describes the first plateau region. 
As the surfactant concentration increases, adsorption to the 
surface is hindered so the molecules randomly adsorb with their tail 
groups facing each other. This process continues as surfactant 
concentration increases. Eventually the adsorption becomes less 
random and more ordered, with the tail groups of surfactant molecules 
in solution lying between the tail groups of surfactant molecules 
absorbed to the surface. 
This initiates the formation of a more ordered bi-layer of surfactant 
molecules. This allows for additional adsorption to occur. The process 
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continues until the CMC of the surfactant is reached. Above the CMC of 
the surfactant, the addition of surfactant only aids in the formation of 
micelles resulting in an adsorption plateau. This describes the second 
increase in contact angle data and second plateau regions observed· in 
Figures 4 and 7. 
It is believed that the increase in the contact angles observed with 
the addition of electrolytes to the surfactant solutions is due to a 
reduction in the repulsive forces between the adsorbed surfactant head 
groups. This allows additional surfactant adsorption at both the 
monolayer and bi-layer adsorption regions. However, a change 1s 
observed in the shape of the contact angle data with the addition of 
electrolyte , the first plateau does not appear. This might suggest a 
change in the orientation of the adsorbed surfactant molecules as before . 
Additional data for the surfactant plus electrolyte system iri this region 
needs to be taken to accurately describe the it. 
Conclusions 
Experiments were conducted on the effects of electrolyte addition 
on surfactant cleaning behavior. A simplified detergency system of an oil 
droplet on a solid surface was used. Hexadecane, a pure oil , was placed 
on a gold-coated glass slide and the contact angle was measured to 
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determine the effects of the electrolytes. Two ionic surfactants were used 
in this study, sodium dodecyl sulfate (SDS) and cetyl trimethyl 
ammonium bromide (CTAB) . The electrolyte range O .  l mM to 2. SmM was 
used in this study and sodium chloride (Na Cl) was the only chemical 
used to alter the electrolyte concentrations. Wide ranges of surfactant 
concentrations below, at and. above the CMC were u�ed. Both surfactant 
and electrolyte concentration were found to affect the contact angle of the 
oil on the gold-coated surface. Contact angles were measured 12 to 15 
times for each surfactant solution with and without electrolytes. The 
data shown in Figure 4 through Figure 8 are the standard mean 
deviation for all the contact angle measurements taken. 
The contact angle data resembled two different types of adsorption 
isotherms. Though the data resembled L class isotherms, it is known 
that surfactant adsorption follows S class isotherms by definition. The 
defining initial slope of S class isotherms is not observed in the data 
presented here due to insufficient data at low concentrations of the 
surfactant solutions. Therefore, the contact angle data of the surfactant 
solutions before addition of electrolytes resemble a S4 type isotherm not 
a L4. A mechanistic model is proposed that explains the significance of 
the two plateaus. The first plateau is the result of monolayer surfactant 
adsorption and the second plateau is characterized by the formation of a 
bi-layer. The addition of electrolytes seems to shift the contact angle 
32 
data to a S2 type isotherm, one adsorption plateau. There is also a 
substantial increase in the contact angles when electrolytes are added . 
The increase in the contact angles is believed to be the result of a 
reduction in the repulsive forces between absorbed surfactant head 
groups. This reduction in repulsive forces by electrolyte addition allows 
for additional surfactant adsorption. 
Future Work 
The method presented in this work can be used to examine the 
effects of electrolytes on different oils and different surfaces. A surface 
and oil more common to industrial cleaning is desirable . Previous 
colleagues had shown a strong relationship between droplet behavior and · 
cleaning capabilities. It would be beneficial to examine the economics of 
reducing the amount of surfactant required in industrial cleaning 
possible by the addition of electrolytes .  
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Effect of Ionic Strength on Oil Removal from Stainless Steel 
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Introduction 
Many researchers have studied surfactants over the years for a 
variety of reasons. Surfactants are important c�mponents in many 
industrial and commercial applications ( 1-5). In the last couple of 
decades, surfactant use in detergency has been a focus of research. This 
was brought about by environmental regulations on industrial cleaning 
and degreasing processes. These regulations eventual banned commonly 
used organic solvents. Aqueous surfactant solutions are believed to be a 
viable replacement for previously used solvents due to their cleaning 
ability. Though tremendous progress has been made in substituting 
aqueous surfactant solutions for organic solvents in cleaning systems, a 
better understanding of the basic phenomena behind surfactant behavior 
is needed to improve their cleaning performance and expand their use. 
Previous colleagues had. sought to find a way to improve the 
cleaning ability of surfactant based cleaning systems. Starkweather et 
al. studied the effects of nonionic and anionic surfactant concentrations 
and pH on oil removal, MAR-TEMP® 355, from a stainless steel surface; 
interfacial tensions of the aqueous/ oil interface and the contact angle of 
the oil on the metal surface were used to measure the effects of varying 
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the surfactant concentration and pH . Starkweather et al. also discovered 
a directly proportional relationship between both surfactant 
concentration/pH and contact angle/oil removal . While holding one 
variable constant, either concentration or pH, an increase in the other 
variable resulted in an increase in the contact angle and the subsequent 
removal of oil from the stainless steel surface .  An inversely proportional 
relationship was found between both surfactant concentration/pH and 
interfacial tension. An increase in either variable while holding the other 
constant resulted in a decrease in the oil/ surfactant interfacial tension. 
Starkweather's et al. research and previous research by Carroll suggest a 
strong relationship between the interfacial tension, contact angle and the 
oil removal from a surface. An increase in oil removal is found when 
there is a red_uction in interfacial tension and an increase in contact 
angle (2 ,6-8) . 
Rowe et al performed an extension to Starkweather's research 
incorporating both cationic and zwitterionic surfactants in the study of 
the effect of pH and investigated applied potential on MAR-TEMP® 355 
removal from a stainless steel surface. Studies showed that an increase 
in oil removal was found for the anionic surfactant at high pH . Increased 
oil removal for the cationic surfactant was found at low pH . A range of 0 
to ±4 volts was used to study the effect of applied potential. Oil removal 
in the presence of cationic surfactant performed best at low negative 
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applied potentials . The oil removal for the nonionic surfactant increased 
as the voltage increased. The anionic surfactant removed oil best at both 
ends of the voltage range . As for the zwitterionic, Rowe et al. discovered 
that this particular surfactant exhibited the behavior of a cationic 
surfactant at the low range of applied potential, acted as a nonionic 
surfactant as the applied potential increased and behaved like a anionic 
surfactant at both ends of the applied potential range (9 , 1 0) .  
The current research has focused on building from the foundations 
left by Starkweather and Rowe and incorporating the effects of electrolyte 
addition on ionic surfactant cleaning on solid surfaces (6- 1 0) .  The first 
research paper focused on developing an understanding of ionic 
surfactant cleaning behavior in the presence of electrolytes on a 
homogeneous, smooth gold-coated glass surface. The contact angle of 
the oil droplet on the surface, hexadecane, was measured to evaluate the 
electrolyte effects. Hexadecane, a pure oil , was chosen instead of MAR­
TEMP® 355, a blended oil, because it was desired to work with an oil that 
had previously been researched outside our group and had better defined 
properties .  Studies found that the addition of electrolytes increased the 
contact angle of the oil droplet in both the anionic and cationic 
surfactant cleaning solutions. 
The present paper extends the research on electrolyte addition and 
ties together the results found in the present research to the findings of 
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Starkweather and Rowe. This study moves from a relatively smooth 
gold-coated glass surface to a rougher stainless steel surface . The 
contact angles of both hexadecane and MAR-:-TEMP® 355 on the stainless 
steel surface are measured for the same cationic and anionic surfactant 
used before . Basic cleaning experiments, like those performed by Rowe, 
were studied to show the relationship between contact angle behavior 
seen in the present research with actual cleaning results. Simple 
conductivity tests were also performed to see how the critical micelle 
concentration, CMC, was being affected by the addition of electrolytes. 
Background 
In the previous paper, a background covering the various types of 
wetting, adsorption and cleaning methods was presented . The current 
paper focuses more on the ability to use these experimentally determined 
contact angles to better understand the important surface science 
phenomena. In a paper by Kwok and Neumann, an investigation into 
the ability to use contact angles to define surface phenomenon was 
performed. It was proposed that the resistance to study contact angles 
in past, present and future research was and is due to three 
misconceptions ( 1 1 ) .  
The first misconception lies in the belief that contact angles are 
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simple and easily measured and can be interpreted by anyone (11). The 
truth is contact angle data can be very tricky to both measure and use. 
The determination of contact angles is subjective at times and varies 
from person to person. Therefore it is necessary when measuring and 
interpreting contact angle data to keep as many variables as possible 
constant. 
Contact angles are also believed to show hysteresis making 
equilibrium values unattainable. This misconception leads to the 
assumption that all contact angle data is useless and cannot be used to 
describe surface phenomenon. Kwok and Neumann agree that this is the 
most difficult misconception to disprove. They have shown that a 
minimal amount of hysteresis caused by surface heterogeneity does not 
invalidate the fundamental assumptions that equilibrium contact angle 
data is based on (1 1 ). 
The third and most widely held misconception is that contact angle 
data provides information about intermolecular forces. Kwok and 
Neumann advise caution when using contact angle data to draw direct 
conclusions on surface tension and intermolecular forces. The research 
presented in this paper along with others later published by the authors 
cover this issue ( 11, 12) . 
The Kwok and Neumann papers focused on the first and third 
misconceptions in contact angle research while slightly touching on the 
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second. So there is still a need to investigate and answer questions 
concerning the cause and effect of contact angle hysteresis .  Contact 
angle hysteresis is caused by inconsistencies in surface roughness and 
heterogeneity. These system conditions cause a liquid droplet to exhibit 
an advancing and a receding contact angle instead of a symmetrical 
droplet with one unique contact angle . Contact angle hysteresis is the 
difference between the advancing and receding contact angles. 
In a paper by Lam et al. , an investigation into the liquid properties 
on contact angle hysteresis was performed. It was noted that many 
previous researchers had looked into contact angle hysteresis caused by 
surface roughness, Shuttleworth and Bailey in 1948 and Bartell and 
Shepard in 1953. The first experimental results to cor�elate surface 
roughness and heterog�neity with contact angle hysteresis were reported 
by Johnson and Dettre . Lam's et al . research focused on showing that 
even on a polished solid surface, contact angle hysteresis is common. 
Research found that contact angle hysteresis did occur to a degree on 
polished surfaces but it was also discovered that the chain length of the 
liquid was important to the amount of hysteresis. Lam et al. showed that 
the degree of the con tact angle hysteresis decreased as the chain length 
of the liquid increased. This observation coincides with the fact that the 
receding contact angle process resembles liquid retention, penetration, 
sorption or swelling when in the presence of an inert hydrophobic 
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surface. It was also found that though contact angle hysteresis was 
present on some prepared solid surfaces, it was not on well-prepared 
polymeric materials. Lam et al. concluded that though contact angle 
hysteresis occurs in many situations involving solid surfaces, advancing 
contact angles could be used to describe surface science while 
disregarding the receding contact angles (13) . 
Decker et al. also investigated contact angle hysteresis as well as 
extending a broader scope to the issue of contact angle measurement 
and usefulness: developing definitions and uses of macroscopic and 
microscopic contact angles, the length scales controlling contact angles 
and the role of vibrations in determining contact angles. Decker et al. 
concluded that contact angle hysteresis complicates not eliminates the 
measuring and usefulness of contact angle data. This is because the 
macroscopic advancing and receding con tact angles represent an average 
of the microscopic contact angles created by the roughness and 
heterogeneities of the solid surface ( 14). 
Contact angles have been · associated with the capabiHty of a liquid 
to wet a surface. So, contact angle hysteresis could affect wetting. 
Katoh et al. investigated the effects of roughness and heterogeneity on 
wetting. On a smooth surface, the liquid reversibly wet the surface and 
only one contact angle was observed. Contact angle hysteresis occurred 
on a rough or heterogeneous surface due to irreversible wetting ( 1 5). 
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N akae et al. also investigated the effect of surface roughness on the 
wetting capacity for a hemispherical close-packed model and a 
hemiround-rod close-packed model. The contact angle results were 
found to be different for each of the two models. For the hemispherical 
close-packed model, the change in wetting is caused by trapped air 
pockets at the solid/liquid interface due to surface roughness. In the 
case of the hemiround-rod close-packed model, the measured contact 
angles parallel to the rods exhibit contact angle hysteresis (16). 
In a study by Miwa et al, an investigation into the effects of surface 
roughness on the contact angle and other water droplet characteristics 
on superhydrophobic surfaces was performed. Contact angle hysteresis 
was observed with surface roughness. Results indicated that as the 
roughness increased, higher contact angles were observed. From their 
research, Miwa et al. was able to develop an equation describing the · 
relationship between contact angles and other droplet characteristics 
and surface roughness ( 1 7). 
Experimental 
Materials. Two types of ionic surfactants were used in this study. 
The anionic surfactant sodium dodecyl sulfate, SDS, and cationic cetyl 
trimethyl ammonium bromide, CTAB, were chosen. The electrolyte 
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sodium chloride, NaCl, was used to alter the ionic strength of the 
surfactant solutions. SDS and CTAB were purchased from Fisher 
Scientific of Fair Lawn, New Jersey. SDS was purchased at a purity of 
98% and CTAB at 100%. The electrolyte, NaCl, was purchased from J.T.  
Baker Inc. of Phillipsburg, New Jersey at chemical grade. All water used 
to make the solutions was deionized. The stainless steel surface used in 
this study was provided by the materials shop at The University of 
Tennessee, Knoxville. • A combination of hexane, acetone and aerosol 
utility cleaner were used to clean to steel surface. All chemicals were 
purchased from Fisher Scientific. Hexane was purchased at HPLC grade 
and the acetone was reported by the manufacturer to have a purity of 
99%. The aerosol utility cleaner was purchased from KELSAN Inc. , 
Knoxville, Tennessee. Two types of oil were used in this study. The 
organic oil hexadecane was purchased from Fisher at a purity of >98%. 
A blended oil , MAR-TEMP® 355,  was provided by Houghton International 
Incorporated. A VIS (Visible Range) cell, path length of 30mm, was 
purchased from Spectrocell. A Tantec CAM-PLUS contact angle meter, 
purchased from Tantec of Schaumburg, IL, was used to measure the 
contact angles. The instrument uses the Haft-Angle™ Tangent line 
technique. The repeatability of the instrument is documented as ±2° and 
the accuracy · as ±1.5°. Basic ultrasonic cleaning experiments were 
performed using a Genesis™ Ultrasonic Generator system provided by 
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Crest Ultrasonic of Trenton, New Jersey. Conductivity tests were 
performed using a HEWLETI' PACKARD E3632A DC Power Supply. 
Methods and Procedures 
Contact Angles. To ensure the stainless steel surface was clean, 
it was first washed with aerosol utility cleaner then placed in a hexane 
bath and agitated for approximately 2 minutes .  The disk was then 
rinsed with acetone and blown dry with pure air. Using a micropipette, 
the stainless steel disk was contaminated with a l µL droplet of 
hexadecane . The contaminated disk was allowed to sit before 
submerging in solution to allow time for wetting of the surface, 
approximately 30 seconds . 
The aqueous bath was contained in a VIS cell . Approximately 
20mL of the desired lmM base SOS solution was added to the cell using 
a syringe . The contaminated disk was placed into the surfactant 
solution and plunged to the bottom. To avoid any change in contact 
angle due to breaking the water/ air interface, the technique was 
performed quickly. The droplet was allowed to settle for 20 minutes. 
After the static contact angle of the hexadecane droplet was 
determined, the stainless steel disk was removed from the SOS solution, 
rinsed off with water, washed with aerosol utility cleaner and placed in 
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the hexane bath. The hexane bath was agitated to remove any remaining 
hexadecane . The stainless steel disk was then rinsed with acetone and 
blown dry with pure air. The contamination and contact angle procedure 
for hexadecane was then repeated for l mM SDS concentration. These 
procedures were repeated for SDS concentrations from lmM to 1 2 . 09 
mM with the cleaning procedure described earlier }?etween runs. After 
obtaining static . contact angles for all salt-free SDS solutions, new 
solutions were prepared with the addition of l .0mM and 2. 5mM NaCl. 
The same contamination and contact angle procedures were performed 
for all solutions with the cleaning method performed between runs. 
Once the static contact angle data for SDS solutions with and 
without NaCl were taken for hexadecane, the procedures were repeated 
for MAR-TEMP® 355 .  After all data for MAR-TEMP® 355 was taken, 
surfactant solutions of CTAB with and without l .0mM and 2 . 5mM NaCl 
were prepared. The contamination and contact angle procedures were 
performed for all CTAB solutions for both hexadecane and MAR-TEMP® 
355 with the cleaning method performed between runs. MAR-TEMP® 
355 droplets were allowed to settle for 3 hours. 
Ultrasonic cleaning. The procedure for performing bench-scale 
ultrasonic cleaning experiments created by Rowe was repeated for the 
present study. A GenesisrM Ultrasonic Generator system provided by 
Crest Ultrasonic was used to mimic an industrial type of cleaning 
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system. The tests were used to try to develop a relationship between 
contact angle behavior and oil removal from the surface . For these 
experiments both SDS and CTAB solutions were used with and without 
electrolytes. A stainless steel coupon • similar to the stainless steel 
surface used for the contact angle experiments were used for the 
cleaning study. The stainless steel coupon was washed with an on-hand 
industrial cleaning agent and rinsed with deionized water. The coupons 
were then placed in an oven set at 1 20°C. and allowed to dry for 
approximately 5 minutes. They were allowed to cool at room 
temperature, weighed and the mass of each coupon recorded, W. The • . 
coupons were then submerged in MAR-TEMP® 355 for 5 minutes and 
the excess oil allowed to drain off for 3 hours. The contaminated 
coupons were then reweighed and the mass recorded, X. Surfactant 
solutions of 3mM, 6mM, 8mM and l 0mM SDS solutions were prepared 
in a 2000L beaker and placed in the ultrasonic bath. The generator was 
then turned on, set to 1 08 watts and the bath allowed to degas for 5 
minutes .  A contaminated coupon was then placed in the surfactant 
solution for approximately 3 minutes� Excess water was removed from 
the coupon by gently blowing compressed air along the surface paying 
careful attention not to remove any oil. The coupon was then reweighed 
and the mass recorded, Y. The percent oil removed was calculate by 
Percent Oil Removal = (X -xx - W) x 1 00 ( 1 )  
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(18) . Multiple coupons were run in each solution and the degree of 
cleaning measured . The SDS solutions were then remade containing 
2 .SmM NaCl. The procedure was repeated and the percent oil removed 
calculated . The process was then repeated with 0. lmM, 0.4mM, 0.75mM 
and lmM CTAB solutions with and without 2 .5mM NaCl. 
Conductivity tests. As the surfactant solutio�s were prepared for 
the contact angle tests, a portion of the solutions was placed in 4oz. 
Clear Qorpak® bottles . · The conductivity of water was first measured to 
create a baseline, and · then the conductivity of the various surfactant 
solutions was measured. For SDS solutions, the conductivity meter was 
set at 10 volts . The conductivity meter was set at 30 volts for the CTAB 
solutions. 
Results 
Contact Angle. The contact angle data in the present study on 
stainless steel appear to follow isotherm type trends like those seen for 
the con tact angle data taken on the gold-coated glass slide in the 
previous study. In Figure 1 ,  the relationship between SDS concentration 
and hexadecane contact angle is shown. As the surfactant concentration 
increases, the contact angle of the organic droplet increases. The contact 
angle data in this study appears to have only one unique plateau. This 
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Figure l: Hexadecane on Steel in SDS Solution 
is indicative of a S2 type of isotherm, previously discussed in first paper. 
The plateau starts developing around the CMC of SDS. 
The effect of the addition of l .OmM NaCl and 2. SmM NaCl are 
shown in Figure 2 over the range of SDS concentrations. It is observed 
from the graph that an increase in electrolyte concentration, while 
holding the SDS concentration constant, results in an increase in the 
contact angle. However, the addition of electrolyte does not seem to 
change the type of isotherm the contact angle trend follows without 
electrolyte addition, S2. 
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Figure 2:  Hexadecane o n  Steel in SDS Solutions with Electrolytes 
The effect of SDS concentration on MAR-TEMP® 355 contact angle 
droplets is shown in Figure 3 .  As in the case of hexadecane, the contact 
angles of MAR-TEMP® 355 increase as the surfactant concentration 
increases. The data trend also resembles a S2 type of isotherm, one 
plateau. The plateau occurs around 6mM SDS.  This is below the CMC of 
the surfactant SDS, which is reported as 8 . 2mM . Additional data points 
need to be taken between 4mM SDS and 6mM SDS to more clearly define 
the behavior of the contact angle of the MAR-TEMP® 355 droplet. The 

















e> 52 � 













I I I I I 
0 0 
0 
I I I I I 
4 5 6 7 8 9 
sos (m M) 
Figure 3: MAR-TEMP on Steel in SDS Solution 
The effect of the addition of l .OmM and 2.5mM NaCl on the contact 
angles of MAR-TEMP® 355 oil droplets over the SDS concentration range 
is shown in Figure 4. The addition of electrolyte to the surfactant system 
results in a substantial increase in the contact angle of the oil droplet, as 
surfactant concentration is held constant. As the concentration of the 
electrolyte increases, the contact angle of the MAR-TEMP® 355 oil 
droplet increases as well. However, the effect of the electrolyte 
concentration does not appear to be as significant as the addition of the 
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Figure 4:  MAR-TEMP on Steel in SDS Solution with Electrolytes 
The relationship between the CTAB concentration and the contact 
angle of hexadecane can be found in Figure 5. As in the case of SDS, a 
shift in the contact angle is directly related to a change in the CTAB 
concentration. As the surfactant ' concentration increases, an increase in 
the contact angle is observed. Though the contact angle plateau is not 
as defined as in the case of SDS, it appears to be occurring around the 
CMC region of CTAB, reported as 0.7mM to l . OmM. As with all of the 
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Figure 5: Hexadecane on Steel in CTAB Solutions 
The effect of the addition of l .OmM and 2 .5mM NaCl through the 
range of CTAB ,·, . .concentrations for hexadecane contact angles is 
illustrated in Figure 6. The same contact angle trend observed before 
electrolyte addition is seen after electrolyte addition. As the CTAB 
concentration is kept constant, an increase in electrolyte concentration 
results in an increase in the con tact angle of the hexadecane droplet. 
The trend of the contact angle data is difficult to define due to the 
irregularity of the contact angle measurements. However, there 1s an 
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Figure 6: Hexadecane on Steel in CTAB Solutions with Electrolytes 
The relationship between MAR-TEMP® 355 contact angles in CTAB 
concentrations is illustrated in Figure 7 .  The behavior of  MAR-TEMP® 
355 in CTAB surfactant solutions is different from the previous oil­
surfa�tant systems. As seen in the figure, as the CTAB concentration 
increases, the contact angles increase but exhibit no plateau. The CTAB 
concentrations used in this study only cover a portion of the 
concentrations used in the previous studies due to the fact that after 











A static contact angle of the oil droplet became unattainable. This 
behavior was not seen for MAR-TEMP® 355 in any of the SOS solutions. 
The effect of electrolyte addition to the MAR-TEMP® 355 contact 
angles in CTAB system is shown in Figure 8. It is observed that as the 
concentration of electrolyte increases, the CTAB concentration at which 
the MAR-TEMP® 355 begins to detach is lowered. A color change of the 
oil is noticed with electrolyte addition. It was also observed that with the 
addition of electrolyte, the time required to begin detachment was 
shortened. These contact angles shown in Figure 8 represent the last 
CTAB concentration before the detachment started to occur. 
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Figure 8: MAR-TEMP in CTAB Solutions with Electrolytes 
Cleaning. Figure 9 shows the results from the ultrasonic cleaning 
experiments performed to show a relationship between the effect of the 
addition of electrolytes on MAR-TEMP® 355 contact angles in surfactant 
solutions and the amount of oil removed from the stainless steel surface. 
For SDS solutions, the results indicate that oil removal from a stainless 
steel coupon increased when 2. 5mM NaCl was added to all the original 
SDS concentrations. The data is not as smooth as the contact angle data 
previously measured and is probably due to the fact that the method 
used to determine the percent oil removed from the surface is simple and 
rough. However, it is shown that electrolytes increase oil removal. 
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Figure 9: Oil Removal in SDS Solutions with Electrolytes 
In Figure 1 0 , the effects of 2 . 5mM NaCl addition to the CTAB 
surfactant solutions are shown. As in the case of SDS,  the addition of 
electrolyte to CTAB solutions increases the amount of MAR-TEMP® 355 
oil removed from the stainless steel surface.  This increase in oil removal 
coincides to the increase in the contact angles of the oil previously 
observed. The percent oil removal for MAR-TEMP® 355 in CTAB solution 
in relatively the same as for the oil in SDS.  This varies from the contact 
angle data observed for the two surfactants . This again is attributed to 
the rough technique used to perform the experiments. 
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Figure 10: Oil Removal in CTAB Solutions with Electrolytes 
Conductivity. It is known that the addition of electrolytes can 
cause a shift in the CMC of the surfactant solution . If this occurs , tests 
on additional variables would be needed to explain the behavior of the 
contact angle data. Therefore, in order to see if the CMC of the surfactant 
solutions were changing along with electrolyt� addition, simple 
conductivity measurements were performed. Tests were done on all the 
SDS surfactant solutions used in the contact angle measurements and 
the cleaning tests and O . lmM ,  0 .4mM , 0 . 75mM and l . OmM CTAB 





minimal to no effect on the CMC of the surfactant solutions due to the 
addition of electrolytes. 
Discussion 
Contact Angle. The data points in this study are an average of 
two to three contact angles measured at that particular concentration.  
The behavior of hexadecane and MAR-TEMP® 355 on steel in SDS 
solutions and hexadecane in CTAB solutions are believed to follow the 
proposed mechanistic model given in the previous research paper. The 
fact that the contact angle data resembles a S2 type of isotherm agrees 
with the proposed model . As stated in the proposed mechanistic model, 
the increase in the contact angle data is thought to be due to an increase 
in the amount of surfactants adsorbed to the stainless steel surface. The 
initial surfactant adsorption is believed to occur in a single monolayer 
fashion. As the surfactant concentration increases, a bi-layer of 
surfactants begins to form. This model agrees with a S2 type of isotherm 
trend, which allows for multi-layer adsorption.  Plateaus in the contact 
angle data are the result of micelle formation.  The plateau occurs when 
the addition of surfactant above the CMC goes into the formation of 
micelles. 
6 1  
It is believed that the increase in the contact angle data observed 
when electrolyte was added to the system is due to the repulsive forces 
between the adsorbed surfactant head groups. As in the previous paper, 
it is believed that the electrolytes reduce the repulsive forces between the 
head groups. This allows additional surfactant adsorption at both the 
. ..... . J"!'•• · · •·'- ··•· · 
monolayer and bi-layer adsorption regions. This is extremely beneficial 
when it comes to the amount of surfactant required to produce a 
specified contact angle� which in turn is correlated to oil removal. From 
Figure 4, MAR-TEMP® 355 in SDS solutions with electrolytes, it is seen 
that the same contact angle can be achieved with 2mM SDS with l .OmM 
NaCl as with 8mM SDS. This is important economically since SDS is 
considerably more expensive than Na Cl. 
However, the contact angle behavior observed in the case of MAR­
TEMP® 355 on stainless steel in CTAB surfactant solutions is unique. It 
does not follow the proposed mechanistic model. . The detachment 
observed in CTAB solution without electrolyte cannot be explained with 
the current techniques. The reason for the color change observed during 
the detachment process is undetermined at this time. Since MAR-TEMP® 
355 is a blend oil, the situation is complicated and more intensive 
studies need to be performed to accurately determine what is occurring. 
However, the fact that the CTAB concentrations at which detachment 
starts occurring is decreased with the addition of electrolyte can be 
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explained by the proposed mechanistic model . The reason for the 
decrease in CTAB concentration where detachment starts is believed to 
be due to the reduction in the repulsive force between the adsorbed head 
groups .  
The contact angles measured in this study were complicated 
compared to the ones taken on the gold-coated glass slide . As presented 
in the background, roughness can have an affect on contact angles.  The 
stainless steel samples used in this study were considerably rougher 
than the gold-coated glass slide and had visible scratches on the surface. 
Some of · the contact angles measured on the surface, particularly for 
hexadecane, exhibited contact angle hysteresis.  This resulted into data 
trends that are not as smooth as the ones seen for the smoother gold­
coated slide. 
Cleaning. The data points presented in this study are an average 
of two to three cleaning measurements taken at that concentration. The 
results of the cleaning studies illustrate a strong relationship between an 
increase in the contact angle observed with the addition of electrolyte 
and an increase in oil removal from the surface . The crudeness of the 
ultrasonic cleaning method can be one of the reasons that the increase in 
the oil removal for SDS and CTAB solutions with electrolyte addition 
were not as significant as the increase in the contact angle. However, it 
is important to see that a trend does exist. An improved cleaning 
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technique is desired to obtain more precise results 1n the actual 
improved cleaning efficiency due to electrolyte addition. 
Conductivity. Some basic conductivity tests were run on all the 
surfactant solutions used in this experiment. Determining the 
conductivity of the solutions allows for the determination of whether or 
not the CMC of the surfactant solutions were changing with the 
electrolyte addition. It was shown that the CMC is affected minimally or 
not at all for both the SDS and CTAB solutions. These results are 
supported by literature; which show at low concentrations of electrolytes 
there is no affect on the CMC (19, 20). Since the CMC for SDS and CTAB 
are essentially remaining constant, there is minimal or no affect on the 
aqueous/ air interface. This supports the notion that the electrolyte 
addition is affecting only the aqueous/ solid interface. 
Conclusions 
In this paper, further investigations were performed to study the 
effects of electrolyte addition on surfactant cleaning behavior on a 
stainless steel surface. The same basic detergency system used in the 
previous paper for the gold-coated glass study was performed again for a 
stainless steel surface. Hexadecane, pure oil, and MAR-TEMP® 355, 
blend oil, were used as oil contaminates in this study. Contact angles of 
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both oils on the stainless steel surface were taken for the an1on1c 
surfactant sodium dodecyl sulfate (SDS) and the cationic surfactant cetyl 
trimethyl ammonium bromide (CTAB). The electrolyte sodium chloride 
(NaCl) was used at concentrations of l .OmM and 2. 5mM to alter the 
electrolyte concentration. Concentrations above and below the CMC of 
both ionic surfactants were used. The contact angle data resembled a S2 
type of adsorption isotherm in most cases. Addition of electrolyte to the 
system does not change the shape of the contact angle data. This type of 
isotherm corresponds to the proposed mechanistic model presented in 
the previous paper and accounts for the contact angle behavior in both 
the previous and current investigation. The model states that . the 
surfactant adsorption to the solid surface initially creates a monolayer 
then starts forming a bi-layer. The addition of electrolytes to the system 
is believed to reduce the repulsive forces between adsorbed surfactant 
head groups allowing additional adsorption resulting in compressed 
monolayers and bi-layers. Conductivity tests confirm that there is 
minimal to no change in the CMC when electrolytes are added, which 
substantiate the belief that the effects of the electrolytes are on the 
aqueous/solid interface. The increase in the adsorption of surfactant · 
head groups to the solid surface reduce the available surface area for the 
oil to adsorb, so an increase in the contact angle should correlate to an 
increase in oil removal. This assumption was confirmed with basic 
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cleaning tests showing that aqueous surfactant cleaning solutions with 
electrolyte removed more oil from a stainless steel surface that those 
without. 
This research has been a continuation of the groundwork of many 
previous colleagues and leaves additional information for those to follow. 
The conception of introducing electrolytes to aqueous surfactant cleaning 
systems to create a more environmentally friendly industrial cleaning 
systems has been proven to be a real possibility. Though much 
additional work needs to be performed, the foundation has .been created. 
Future Work 
The work presented in both this study and the previous one 
examined the effect electrolytes can have on aqueous surfactant cleaning 
solutions. A proposed mechanistic model has been developed from both 
the current research and the research of previous colleagues that 
attempts to describe the mechanism of surfactant adsorption to solid 
surfaces in aqueous systems. It has been shown that the addition of a 
minimal amount of electrolytes can enhance oil removal from a solid 
surface. Therefore , electrolyte addition can result in a significant 
decrease in the amount of surfactant needed to achieve a specific degree 
of cleaning. This finding has the potential of being extremely beneficial 
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both economically and environmentally in industrial cleaning system. 
More precise cleaning studies need to be performed to accurately 
describe the economic potential. Environmentally, this modification in . 
current cleaning systems can reduce the amount of wastewater 
produced. This ,  of course , needs further investigations into whether or 
not a system can be designed to recapture the ions and surfactant in 
order to recycle the aqueous cleaning solutions. 
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Data for Paper II 
Surfactant Critical Micelle Concentration 
SDS 8 .2 mM 
CTAB 0.7mM to l .OmM 
72 

























81 .0 82.0  
1 05.0 1 05.0 




1 00.0 1 03.0 





1 .6 1 .6 
0.5 1 .5 
1 .0 1 .0 
1 .9 0. 1 
0. 1 2.9 
0.7 2.7 
80.0 84.0 80.0 82.0 
82.0 81 .0 80.0 83.0 
100.0 1 01 .0 1 02.0 1 01 .0 
1 00.0 1 00.0 1 04.0 1 05.0 
90.0 90.0  92.0 92.0 
87.0 86.0 88.0 88.0 
84.0 83.0 85.0 84.0 
1 00.0 98.0  1 03.0 1 00.0 
107.0 1 02.0 1 00.0 1 06.0 
1 .4 2.6 1 .4 0.6 
0.6 0.4 1 .4 1 .6 
2.8 1 .8 0.8 1 .8 
3.4 3.4 0.6 1 .6 
1 .5 1 . 5 0.5 0.5 
0.0 1 .0 1 .0 1 .0 
0. 1 0.9 1 . 1 0. 1 
0. 1 2. 1 2.9 0 . 1  
2.7 2.3 4.3 1 .7 
Mean 
80.0 83.0 82.0 81 .0 81 .0 81 .0 81 .4 
80.0 81 .0 
1 03.0 99.0 1 05.0 1 05.0 1 04.0 1 04.0 1 02.8 
1 05.0 1 00.0 1 05.0 105.0 1 04.0 1 03.0 1 03.4 
92.0  92.0 91 .0 92.0 92.0 93.0 91 .5  
85.0 86.0 88.0 87.0 87.0 88.0 87.0 
84.0  83.0 86.0 85.0 84.0 83.0 83.9 
1 00.0 98.0 99.0 1 02.0 1 00.0 98.0 1 00. 1 
1 06.0 1 03.0 1 04.0 1 06.0 1 06.0 1 00.0 1 04.3 
Average 
Me.an Dev 
1 .4 1 .6 0.6 0.4 0.4 0.4 1 .2 
1 .4 0.4 
0.2 3.8 2.2 2.2 1 .2 1 .2 1 .9 
1 .6 3.4 1 .6 1 .6 0.6 0.4 1 .8 
0.5 0.5 0.5 0.5 0.5 1 .5 0.8 
2.0 1 .0 1 .0 0.0 0.0 1 .0 0.8 
0. 1 0.9 2. 1 1 . 1  0. 1 0.9 0.8 
· 0. 1 2. 1 1 . 1 1 .9 0. 1 2. 1 1 .3 
1 .7 1 .3 0.3 1 .7 1 .7 4.3 2. 1 
SOS Data with NaCl 
SOS Cone NaCl Cone Contact Angles 
(mM) (mM) 
0.00 0.00 
1 2.09 0.00 
1 2.09 0.462 
1 2.09 0. 1 02 
12 .09 0.068 
1 2.09 0.428 
1 2.09 0.308 
1 2.09 0.205 
1 2.00 0.992 
12 .00 1 .547 
12.00 1 .968 




1 2.09 0.000 
1 2.09 0.462 
12.09 0. 1 02 
1 2.09 0.068 
1 2 .09 0.428 
1 2.09 0.308 
1 2 .09 0.205 
1 2.00 0.992 
1 2.00 1 .547 
1 2.00 1 .968 
1 2 .00 2.488 
80.0 83.0 
1 05.0 107.0 
1 1 5.0 1 1 8.0 
1 06.0 1 1 0.0 
1 05.0 105.0 
1 1 1 .0 1 1 7.0 
1 14.0 1 1 4.0 
1 1 3.0 1 1 3.0 
1 16.0 1 22.0 
1 1 5.0 120.0 
1 1 4.0 1 1 8.0 
1 1 5.0 1 1 8.0 
Avg Deviation 
1 .0 2.0 
0.7 2.7 
0 .3 3 .3 
4.2 0.2 
2 .3 2.3 
2 .5 3 .5 
0 .3 0 .3 
0 .5 0.5 
1 . 1  4.9 
2. 1 2.9 
2 .3 1 .7 
2.3 0.7 
80.0 81 .0 
1 07.0 1 02.0 1 00.0 1 06.0 
1 1 5.0 1 1 0.0 1 1 5.0 1 1 5.0 
1 1 0.0  1 07.0 1 1 2.0 1 1 2 .0 
1 10.0 1 03.0 107.0 1 09.0 
1 16.0 1 10.0 1 1 0.0 1 1 5.0 
1 14.0  1 14.0 1 1 4.0 1 1 7.0  
1 14.0 1 16.0 1 12.0 1 1 7.0  
1 1 8.0  1 1 5.0 1 1 8.0 1 1 5. 0  
1 16.0 1 1 6.0 1 18.0 1 1 5.0 
1 1 5.0 1 16.0 1 1 8.0 1 16.0 
1 18.0 1 1 5.0 1 20.0 1 16.0 
1 . 0 0.0 
2.7 2.3 4.3 1 .7 
0.3 4.7 0.3 0.3 
0.2 3.2 1 .8 1 .8 
2.8 4.3 0.3 1 .8 
2 .5  3 .5 3 .5  1 .5 
0.3 0.3 0.3 2 .8 
0 .5 2 .5 t .5 3 .5 
0.9 2 . 1  0.9 2 . 1 
1 . 1  1 . 1  0.9 2. 1 
1 . 3 0.3 1 .7 0.3 
0.7 2.3 2.7 1 .3 
106.0 1 03.0 1 04.0 106.0 
1 1 8.0 1 1 2.0 1 14.0 1 1 8.0  
1 1 3.0 1 1 1 .0 1 08.0 1 1 3.0 
107.0 104.0 1 10.0 1 1 1 .0 
1 16.0 1 1 1 .0 1 14.0 1 1 5.0 
1 16.0 1 12.0 1 12.0 1 14.0 
1 1 5.0 1 1 3.0 1 1 2.0 1 1 4.0 
1 16.0 1 1 8.0 1 16.0 
1 1 7.0 1 2 1 .0 1 16.0 
1 14.0 1 1 9.0 1 1 7.0  
1 1 6.0 1 1 7.0 1 2 1 .0 
1 .7 1 .3 0.3 1 .7 
3.3 2.7 0.7 3.3 
2.8 0.8 2.2 2.8 
0.3 3.3 2.8 3.8 
2.5 2.5 0.5 1 .5 
1 .8 2.3 2.3 0.3 
1 .5 0.5 1 .5 0.5 
1 . 1  0.9 1 . 1  
0. 1 3.9 1 . 1  
2 .3 2 .7 0 .7 
1 .3 0 .3 3 .7 
1 06.0 1 00.0 
1 1 5.0  1 1 1 .0 
1 1 0.0 1 1 0.0 
109.0 1 07.0 
1 1 2.0 1 1 5.0 
1 1 3.0 1 17.0 
1 1 2 .0 1 1 1 .0 
1 .7 4.3 
0.3 3.7 
0.2 0.2 
1 .8 0.3 
1 . 5 1 . 5 
1 .3 2 .8 






1 07 .3  
1 1 3.5 
1 14.3 
1 13.5  
1 17. 1 
1 17. 1 
1 16.3 
1 17.3 
Avg Mean Dev 
1 . 0 
2 . 1 
1 . 9 
1 .7 
2. 1 




1 . 7 
1 . 5 
1 .7 
SOS Data with NaCl 












































100.0 · 103.0 
105.0 108.0 
109.0 1 10.0 
106.0 1 1 0.0 
108.0 1 12.0 
1 14.0 1 1 3.0 
1 1 3.0 1 1 5.0 
1 1 5.0 1 1 5.0 




1 .3 2.3 
2.9 1 . 1  
4.0 0.0 
0.9 0. 1 
1 . 1  0.9 
1 .3 1 .3 
1 .5 2.5 
100.0 98.0 
1 05.0 1 02.0 
107.0 105.0 
1 09.0 1 08.0 
1 1 3.0 1 12.0 
1 12.0 1 12.0 
1 16.0 1 12.0 
1 1 1 .0 1 1 1 .0 
1 1 5.0 1 1 0.0 




1 .0 0.0 
1 . 1 1 . 1  
1 .9 2 . 1  
2.8 2.8 
1 .5 3.5 
103.0 100.0 1 00:0 98.0 
107.0 1 05.0 1 04:0 106.0 
1 1 1 .0 105.0 106.0 1 10.0 
1 1 1 .0 1 1 1 .0 108.0 108.0 
1 14.0 1 10.0 1 13.0 1 14.0 
1 1 5.0 1 14.0 1 10.0 1 1 5.0 
1 1 5.0 1 14.0 1 1 3.0 1 1 5.0 
1 14.0 1 15.0 1 1 3.0 1 16.0 
1 14.0 1 14.0 1 1 1 .0 1 16.0 
2.9 0. 1 0. 1 2 .1  
1 .8 0.2 1 .2 0.8 
3.3 2.7 1 .7 2.3 
2 . 1  2. 1 0.9 0.9 
2.0 2.0 1 .0 2.0 
1 .9 0.9 3. 1 1 .9 
0.9 0. 1 1 . 1 0.9 
0.3 1 .3 0.8 2.3 
0.5 0.5 2.5 2.5 
99.0 102.0 100.0 
1 05.0 
106.0 










1 1 2.0 
1 1 3. 1  
1 14. 1 
1 1 3.8  
1 1 3.5 
Avg Mean Dev 
1 .3 
1 .2 









SOS Data with NaCl 







5.00 1 .003 
5.00 1 .554 









5.00 1 .003 
5.00 1 .554 
5.00 1 .958 
5.00 2.488 
Contact Angles 
92.0  90.0 
96.0 98.0 
96.0 101 .0 
1 00.0 1 00.0 
1 03.0 1 05.0 
106.0 106.0 
1 05.0 1 08.0 
1 06.0 1 08.0 
1 08.0 107.0 
Avg Deviation 
0.5 1 .5 
0.3 2.3 
2.0 3.0 
1 .3 1 .3 
1 .8 0.3 
0.6 0.6 
1 .8 1 .3 
1 .3 0.8 




1 00.0 1 05.0 
1 06.0 1 05.0 
1 08.0 106.0 
1 06.0 1 06.0 
1 1 0.0 1 07.0 
1 1 1 .0 1 08.0 
1 .5 1 .5 
0.7 0.7 
1 .0 1 .0 
1 .3 3.8 
1 .3 0.3 




92.0 92 .0 92.0 92.0 
95.0 94.0 95.0 97.0 
102.0 97.0  96.0 96.0 
100.0 1 02.0 99.0 104.0 
1 06.0 1 03.0 1 05.0 1 05.0 
1 06.0 1 07.0 1 08.0 1 06.0 
1 06.0 1 07.0 108.0 1 08.0 
1 06.0 1 06.0 1 09.0 1 06.0 
1 07.0 1 1 1 .0 1 08.0 1 09.0 
0.5 0.5 0.5 0.5 
0.7 1 . 7 0.7 1 .3 
4.0 1 .0 2.0 2.0 
1 .3 0.8 2.3 2.8 
1 .3 1 .8 0.3 0.3 
0.6 0.4 1 .4 0.6 
0.8 0.3 1 .3 1 .3 
1 .3 1 .3 1 .8 1 .3 
1 .6 2.4 0.6 0.4 
91 .0 92.0 92.0 93.0 
96.0 
" 98.0 




91 .5  
95.7 
98.0 














1 . 3 
1 . 3 
SOS Data with NaCl 
SOS Cone NaCl Cone Contact Angles 
(mM) (mM) 
2.00 0.000 




2.00 1 .006 
2 .00 1 .502 
2.00 1 .988 








2.00 1 .006 
2.00 1 .502 











Avg Deviation. _ 
1 .0 1 .0 
1 .6 0.6 
3.4 1 .4 
3.2 2.8 
1 .4 4.6 
0. 1 0. 1 
1 .0 0.0 
2.6 2.6 










0.0 1 .0 
1 .4 3.4 
1 .6 1 .6 
1 .2 0.2 
0.6 1 .4 
2 . 1  0. 1 
1 .0 0.0 
1 .4 1 .4 
1 .2 1 .2 
88.0 88.0 85.0 86.0 
92.0 84.0 86.0 92.0 
92.0 90.0 90.0 92.0 
96.0 92.0 94.0 94.0  
98.0 95.0 94.0 95 .0 
98.0 95.0 95.0 97.0 
96.0 94.0 98.0 94.0 
98.0 97.0 94.0 96.0 
97.0 97.0 97.0 96.0 
1 .0 1 .0 2.0 1 .0 
4.6 3.4 1 .4 4.6 
0.4 1 .6 1 .6 0.4 
2 .8 1 .2 0.8 0.8 
1 .6 1 .4 2.4 1 .4 
1 .9 1 . 1  1 . 1  0.9 
0.0 2.0 2.0 2.0 
1 .6 0.6 2.4 0.4 
0.8 0.8 0.8 0.2 





































1 . 1  
1 .6 
0.9 
CTAB Data with NaCl 
CTAB Cone NaCl Cone Contact Angles 
(mM) (mM) 
0. 1 0  0.00 84.0 83.0 
0. 1 0  0. 1 06  90.0 89.0 
0. 1 0  0 .216 90.0 90.0 
0. 1 0  0.301 
0. 1 0  0.496 94.0  95.0 
0. 1 0  1 .499 90.0 91 .0 
0. 1 0  2.502 91 .0 92.0 
0.20 0.000 88.0 89.0 
Errors Avg Deviation 
(mM) (mM) 
0. 1 0  0.000 0.3 0.7 
0. 1 0  0. 1 06  2.8 1 .8 
0. 1 0  0 .216 0. 1 0 .1  
0. 1 0  0.301 
0 . 1 0  0.496 1 .8 2 .8 
0. 1 0  1 .499 0.8 0.3 
0. 1 0  2 .502 0.3 0 .8 













1 . 3 
1 .8 
82 .0 83.0 85.0 83.0 
87.0 88.0 86.0 85.0 
92 .0 86.0 92.0 90.0 
93.0 93.0 91 .0  90.0 
92 .0 92.0 91 .0 90.0 
93.0 90.0 90.0 89.0 
89.0 88.0 88.0 87.0 
1 .7 0.7 1 .3 0.1 
0.3 0.8 1 .3 2.3 
1 .9 4. 1 1 .9 0. 1 
0.8 0.8 1 .2 2.2 
1 .3 1 .3 0.3 0.8 
1 .8 1 . 3 1 .3 2.3 
0.8 0.3 0.3 1 . 3 
82 .0 84.0 85.0 
87.0 
92.0 89.0 
90.0 92.0  
90.0 
95.0 
88.0 89.0 89.0  
1 . 7 0.3 1 . 3 
0.3 















91 .3  
88.3 










CTAB Data with NaCl 

















































1 .3 0.3 
0.3 1 .3 
1 .3 2.7 
1 .9 3.9 
1 .8 1 .8 
0.3 2.3 
2.4 2.4 
2.0 1 .0 
90.0 89.0 90.0 
96.0 89.0 93.0 
93.0 92.0 95.0 
96.0 95.0 96.0 
92.0 96.0 94.0 
96.0 94.0 97.0 
92.0 95.0 98.0 
94.0 97.0 95.0 
0.7 0.3 0.7 
4.3 2.7 1 .3 
0.3 1 .3 1 .7 
2 . 1  1 . 1  2. 1 
1 .8 2.2 0.2 
1 .3 0.7 2.3 
3.6 0.6 2.4 
2.0 1 .0 1 .0 
90.0 88.0 91 .0 
90.0 92.0 90.0 
91 .0 95.0 92.0 
97.0 93.0 94.0 
94.0 93.0 96.0 
95.0 91 .0 95.0 
93.0 96.0 98.0 
96.0 95.0 97.0 
0.7 1 .3 1 .7 
1 .7 0.3 1 .7 
2.3 1 .7 1 .3 
3. 1 0.9 0. 1 
0.2 0.8 2.2 
0.3 3.7 0.3 
2.6 0.4 2.4 
















1 .0 0.0 
95.0 95.0 







94. 7  
95.6 
96.0 









CTAB Data with NaCl 
CTAB Cone NaCl Cone Contact Angles 
(mM) (mM) 
0.71 0.000 97.0 99.0 
0.75 0. 1 06  94.0 98.0 
0.75 0.2 1 9  98.0 1 00.0 
0.75 0.298 1 02.0 1 02 .0 
0.75 0.500 1 03.0 1 04.0 
0.75 1 .499 1 04.0 1 03.0 
0.75 2 .505 1 05.0 1 04.0 
0.71 0.000 97.0 99.0 
0.75 0. 1 06  94.0 98.0 
Errors Avg Deviation 
(mM) (mM) 
0.71 0.000 1 .8 0.3 
0.75 0. 1 06  2.7 1 .3 
0.75 0.2 1 9  1 .7 0.3 
0.75 0.298 0.3 0.3 
0 .75 0.500 0.2 1 .2 
0.75 1 .499 0.5 0.5 
0.75 2 .505 1 .2 0.2 
0.71 0.000 1 .8 0.3 
0.75 0. 1 06  2.7 1 .3 
98.0 1 02 .0  96.0 99.0 
96.0 96.0 99.0 97.0 
1 01 .0 99.0 1 00.0 1 00.0 
1 01 .0 1 01 .0 1 02.0 1 02.0 
1 04.0 1 02.0 1 04.0 1 00.0 
1 04.0 1 04.0 1 04.0 1 02.0 
1 05.0 1 03.0 1 04.0 1 02.0 
98.0 1 02.0 96.0 99.0  
96.0 96.0 99.0 97.0 
0.8 3.3 2 .8 0 .3 
0.7 0.7 2.3 0.3 
1 .3 0.7 0. 3 0.3 
0.7 0.7 0.3 0.3 
1 .2 0.8 1 .2 2 .8  
0.5 0.5 0 .5 1 .5 
1 .2 0.8 0.2 1 . 8 
0.8 3.3 2 .8  0.3 
0.7 0.7 2.3 0.3 
97.0  98.0 99.0 1 00.0 1 01 . 0  
97.0  98.0  99.0 1 00.0 1 01 .0 
1 .8 0.8 0.3 1 .3 2 .3  






98. 8  
96.7 
99. 7  




98. 8  
96.7 
Avg Mean Dev 











CTAB Data with NaCl 
CTAB Cone NaCl Cone Contact Angles 
(mM) (mM) 
0.98 0.000 96.0 100.0 
1 .00 0. 1 06  102.0 98.0 
1 .00 0.2 19  1 02.0 105.0 
1 .00 0.301 106.0 109.0 
1 .00 0.496 1 10.0 1 1 0.0 
1 .00 1 .499 1 10.0 1 12.0 
1 .00 2.505 1 10.0 1 1 0.0 
0.98 0.000 96.0 100.0 
1 .00 0. 1 06  102.0 98.0 
Errors Avg Deviation 
{mM) (mM) 
0.98 0.000 3.7 0.3 
1 .00 0. 106 2.3 1 .7 
1 .00 0.2 1 9  2.8 0.2 
1 .00 0.301 2.2 0.8 
1 .00 0.496 0.3 0.3 
1 .00 1 .499 0.2 2.2 
1 .00 2.505 0.3 0.3 
0.98 0.000 3.7 0.3 
1 .00 0. 106 2.3 1 .7 
98.0 101 .0 
98.0 1 00.0 
1 05.0 106.0 
1 08.0 108.0 
108.0 1 10.0 
1 08.0 1 1 0.0 
1 10.0 108.0 
98.0 101 .0 
98.0 100.0 
1 .7 1 .3 
1 . 7 0.3 
0.2 1 .2 
0.2 0.2 
1 . 7  0.3 
1 .8 0.2 
0.3 1 .7 
1 .7 1 .3 
1 .7 0.3 
97.0 .97.0 101 .0 1 02.0 1 02.0 
100.0 100.0 
106.0 105.0 
1 10.0 1 08.0 
1 1 0.0 1 1 0.0 
109.0 1 1 0.0 
1 1 0.0 1 1 0.0 
97.0 97.0 10 1 .0 102.0 1 02.0 
100.0 1 00.0 
2.7 2.7 1 .3 2.3 2.3 
0.3 0.3 
1 .2 0.2 




2.7 2 .7 1 .3 2.3 2 .3 
0.3 0.3 
102.0 101 .0 99.0 
102.0 101 .0 99.0 
2.3 1 .3 0.7 









99. 7  
99.7 
Avg Mean Dev 
1 .9 











Data for Paper III 
Hexadecane on Steel in SDS 
SOS {mM} NaCl {mM} Contact Angles Mean 
2.0 0.0 28.0 27.0 26.0 27.0 
4.0 0.0 29.0 28.0 28.5 
6.0 0 .0 34.0 32.0 33.0 
8.0 0.0 38.0 37,0 37.5 
1 0.0 0.0 39.0 37.0  38.0 
1 2.0  0 .0 39.0 38.0 38.5 
Errors 
SOS {mM} NaCl {mM} Average Deviation Mean Avg Dev 
2.0 0 .0 1 .0 0 .0 1 .0 0.7 
4.0 0.0 0.5 0.5 0.5 
6.0 0 .0 1 .0 1 .0 1 .0 
8 .0 0.0 0.5 0.5 0.5 
1 0.0 0 .0 1 .0 1 .0 1 .0 
1 2.0 0 .0 0 .5 0 .5 0 .5 
SDS {mM} NaCl {mM} Contact Angles Mean 
2.0 2.5 32.0 37.0  34.5 
4.0 2.5 37.0 40.0 36.0 37.7 
6.0 2.5 37.0 39.0 38.0 
8.0 2.5 38.0  40.0 39.0 
1 0.0 2 .5 39.0 40.0 39.5 
12 .0  2.5 40.0 40.0 41 .0 40.3 
Errors 
SOS {mM} NaCl {mM} Average Deviation Mean Avg Dev 
2 .0 2 .5 2.5  2 .5  2 .5  
4.0 2.5 0.7 2.3 1 .7 1 .5 
6 .0 2 .5 1 .0 1 .0 1 .0 
8.0 2.5 1 .0 1 .0 1 .0 
1 0.0  2.5 0.5 0 .5 0.5 
1 2.0 2 .5 0.3 0.3 0.7 0.7 
83 
SOS (mM) NaCl (mM) Contact Angles 
2.0 1 .0 30 . 0  28.0 24.0 
4 .0 1 .0 33.0 29.0 
6.0 1 .0 39.0 34.0 
8 .0 1 . 0 39.0 37.0 
1 0 .0 1 .0 39. 0 38.0 
1 2 .0 1 .0 38.0 38.0 
Errors 
SOS (mM) NaCl (mM) Average Deviation 
2.0 1 .0 2 .7  0 .7 3 .3  
4 .0  1 .0 2 .0  2 .0  
6.0 1 .0 2 .5 is 
8 .0  1 .0 1 .0 1 .0 
1 0 .0 1 .0 0 .5 0 .5 
1 2.0  1 .0 0 .0  0 .0  
MAR-TEMP in Steel in SDS 






SOS (mM) NaCl (mM) 
2.0 0.0 





4 1 .0 45.0 
42.0 47.0 
52 .0 56.0 
52.0  57.0 
Average Deviation 
2 .0  2 .0  
2 .5  2 .5  
2 .0  2 .0  
2 .5  2.5 
Mean 
27.3 




38. 0  
Mean Avg Dev 
3 .3  
2 .0  
2 .5  
1 .0 
0 .5 




54 .0  
54 .5 
Mean Avg Dev 
2 . 0  
2 . 5  
2 .0  
2 .5  
SDS {mM} NaCl {mM} Contact Angle Mean 
2.0 2.5 56.0 55.o · 55.5 
4.0 2.5 59.0 63.0 57,0 61 .0 
5.0 2.5 73.0 68.0 70.5 
6.0 2.5 90.0 85.0 87.5 
8.0 2.5 89.0 80.0 84 .5 
Error 
SDS {mM} NaCl {mM} Average Deviation Mean Avg Dev 
2.0 2.5 0.5 0.5 0.5 
4.0 2.5 2.0 2.0 2.0 
5,0 2.5 2.5 2.5 4.0 3.0 
6.0 2.5 2 .5 2·.5 2.5 
8.0 2.5 4.5 4.5 4.5 
SDS {mM} NaCl {mM} Contact Angle Mean 
2.0 1 .0 60.0 52.0 56.0 
4.0 1 .0 62.0 66.0 64.0 
5.0 1 .0 72.0 75.0 73.5 
6.0 1 .0 85. 0 78.0 81 .5 
8 .0 1 .0 76.0 81 .0 84.0 80.3 
Error 
SDS {mM} NaCl {mM} Average Deviation Mean Avg Dev 
2.0 1 .0 4.0 4.0 4.0 
4.0 1 .0 2.0 2,0 2.0 
5.0 1 .0 1 .5 1 .5 1 .5 
6 .0 1 .0 3 .5 3.5 3.5 
8 .0 1 .0 4.3 0.7 3.7 2.5 
85 
---- --- -----
--- - - -----
Hexadecane on Steel in CTAB 
CT AB {mM) NaCl {mM) Contact Angle Mean 
0. 1 0.0 50.0 48.0 58.0 52 .0 
0.3 0.0 52.0  55.0 54.0 53.5 
0.4 0.0 54.0  50.0 60.0 54.7 
0.6 0.0 58.0 59.0 58 .5  
0 .8  0.0 60.0 62.0 61 .0  
1 .0 0.0 62.0 62.0 59.0 61 .0 
Error 
CTAB {mM) NaCl {mM) Average Deviation Mean Avg Dev 
0. 1 0.0 2 .0  4 .0 6 .0 3 .0 
0 .3 0.0 1 .5 1 . 5 0.5 1 .5 
0.4 0.0 0.7 4.7 5.3 2.7 
0.6 0.0 0.5 0.5 0.5 
0.8 0.0 1 .0 1 .0 1 .0 
1 .0 0.0 1 .0 1 .0 2.0 1 .0 
CT AB {mM) NaCl {mM) Contact Angle Mean 
0. 1 2.5 55. 0 56.0 54.0 55 .0 
0 .3  2 .5  60.0 61 .0 60.5 
0.4 2.5 63.0 64.0 63.5 
0.6 2.5 62.0  61 .0  62.0 6 1 .7 
0.8 2.5 64.0  62.0 63 .0  
1 .0 2 . 5  61 .0  65 .0 67.0 64.3 
Error 
CTAB {mM) NaCl {mM} Average Deviation Mean Avg Dev 
0. 1 2.5 0 .0 1 .0 1 .0 0 .5 
0 .3 2 .5 0 .5 0 .5 0 .5 
0.4 2.5 0 .5 0.5 0 .5 
0 .6 2 .5 0 .3 0.7 0.3 0.5 
0.8 2.5 1 .0 1 .0 1 .0 
1 .0 2.5 3.3 0.7 2.7 2 .0 
86 
---- -- ---- --- -------------
---- -- ---- --- --------
CTAB (mM} NaCl (mM} Contact Angle Mean 
0. 1 1 .0 56.0 59.0 57.5 
0.3 1 .0 63.0 60.0 52.0 58.3 
0.4 1 .0 63.0 56.0 59.5 
0.6 1 .0 58.0 55.0 64.0  59.0 
0.8 1 .0 64.0 58.0 65.0 62 .3 
1 .0 1 .0 66.0 62. 0  64.0 
· Error 
CTAB {mM} NaCl (mM} Average Deviation Mean Avg Dev 
0. 1 1 .0 1 .5 1 .5 1 .5 
0.3 1 .0 4.7 1 .7 6.3 3.2 
0.4 1 .0 3.5 3.5 3 .5 
0.6 1 .0 1 .0 4.0 5.0 2 .5 
0 .8 1 .0 1 .7 4 .3 2.7 3.0 
1 .0 1 .0 2 .0 2 .0 2 .0 
MAR-TEMP on Steel in CTAB 
CTAB (mM} NaCl (mM} Contact Angle Mean 
0. 10  0.0 1 4.0 1 5.0 1 4 .5 
0.25 0.0 1 7.0 1 8.0 1 7.5 
0 .40 0.0 1 9.0 20.0 1 9.5  
0.55 0.0 2 1 .0 24.0 22.5 
0.75 0.0 
1 .00 0.0 
Error 
CTAB {mM} NaCl {mM} Average Deviation Mean Avg Dev 
0. 10  0.0 0.5 0.5 0 .5 
0 .25 0.0 0.5 0.5 0 .5  
0 .40 0.0 0.5 0.5 0.5 
0.55 0.0 1 .5 1 .5 1 .5 
0.75 0.0 
1 .00 0.0 
87 
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CTAB (mM) NaCl (mM) 
0. 1 0  2 .5 
0.25 2.5 
0.40 2 .5 
0.55 2 .5 
0.75 2.5 
1 .00 2.5 
Error 
CTAB (mM) NaCl (mM) 
0. 1 0  2.5 
0.25 2.5 
0.40 2 .5 
0 .55 2.5 
0 .75 2.5 
1 .00 2.5 
CTAB (mM) NaCl (mM) 
0. 1 0  1 .0 
0.25 1 .0 
0.40 1 .0 
0.55 1 .0 
0.75 1 .0 
1 .00 1 .0 
Error 
CTAB (mM) NaCl (mM) 
0. 1 0  1 .0 
0.25 1 .0 
0.40 1 .0 
0.55 1 .0 
0.75 1 .0 
1 .00 1 .0 
Contact Angle 
1 7.0  2 1 .0 
1 8.0  23.0 
Average Deviation 
2 .0 2 .0 
2 .5 2 .5  
Contact Angle 
1 8 .0  1 9.0  
1 8.0  2 1 .0 
1 8.0 22.0  
Average Deviation 
0 .5 0 .5 
1 .5 1 .5 
2 .0 2 .0 
Mean 
1 9 .0 
20.5 




1 8 .5  
1 9 .5 
20.0 




Cleaning of Stainless Steel in SDS 
SDS NaCl clean w/oil after bath 
(mM} (mM} Coueon wt,g wtlg wt,g % cleaninS 
1 0  0 1 70. 1 309 70. 1 771  70. 1 551 47.61 90 
1 0  0 2 70.0967 70. 1 387 70. 1 235 36. 1 905 
1 0  0 3 70. 1 476 70. 1 926 70. 1 743 40.6667 
8 0 4 69. 9896 70.0621 70.035 1 37.2414 
8 0 5 70.0587 70. 1 291 70. 1 023 38.0682 
6 0 6 70.0325 70. 1 0 1 3  70.0769 35.4651 
6 0 7 69.4397 69.5 100 69.4802 42. 3898 
6 0 8 70.2747 70.3490 70.3267 30.01 35 
4 0 9 70.2970 70.3736 70.3465 35.3786 
4 0 1 0  70.2 1 32 70.2900 70.2684 28. 1 250 
4 0 1 1  69. 8294 69.9064 69.8821 31 .5584 
Error 
SDS !mM! Samele Mean Error 
4mM 37.9896 28. 1 250 3 1 .5584 32 .5577 
6mM 30.01 35 42.3898 35.4651 35.9561 
8mM 38.0682 37.2414 37.6548 
1 0mM 40.6670 36. 1 905 47.6 1 90 41 .4922 
Avg Deviation 
SDS lmM! Samele Mean Avg Dev 
4mM 5.43 1 9  4.4327 0.9993 3.62 1 3  
6mM 5.9426 6.4337 0.49 1 0  4.2891 
8mM 0.4 1 34 0.41 34 0.4 1 34 




sos NaCl clean w/oil after bath 
(mM! !mM! Coueon wt,s wt1s wt,g % cleaninS 
6 2.5 1 70. 1 4 1 9  70.2296 70. 1 979 36. 1 460 
8 2.5 2 70. 1 024 70. 1 91 1 70. 1 5 18  44.3067 
. 8 2 .5 3 70. 1 588 70.2388 70.2054 41 .7500 
1 0  2 .5 4 69.9904 70.021 8 70.0073 46. 1 783 
1 0  2.5 5 70.0587 70.093 70.0785 42.2741 
1 0  2 .5  6 70.0325 70.0621 70.0499 41 .2 1 62 
4 2 .5  7 69.4723 69.5608 69.5346 29.6045 
4 2.5 8 70.3257 70.41 5 70. 3864 32.0269 
4 2.5 9 70.3320 70.4294 70.3928 37.5770 
6 2 .5  1 0  ' 70.2335 70.3257 70.2824 46. 9631 
6 2.5 1 1  69.8600 69.9473 69.9 1 28 39.5 1 89 
Error 
SDS !mM) Samele Mean Error 
4mM 28.2486 34.4905 37.5770 33.4387 
6mM 36. 1 460 46.963 1 39.51 89 40.8760 
8mM 44.3067 41 .7500 43.0284 
1 0mM 46. 1 783 42.274 1 41 .2 1 62 43.2229 
Avg Deviation 
SDS !mM) Samele Mean Avg Dev 
4mM 5. 1 901 1 .05 1 8  4. 1 383 3.4601 
6mM 4.7300 6.0871 1 .3571 4.0581 
8mM 1 .2784 1 .2784 1 .2784 
1 0mM 2. 9554 0.9488 2.0067 1 .9703 
90 
-- -----
Cleaning Stainless steel in CTAB 
CTAB NaCl clean w/oil after bath 
imM! !mM! Coueon wt,s wt,9 wt,9 % cleaning 
0. 1 0  0.00 1 70. 1 424 70.2 1 98 70. 1 929 34.7545 
0. 1 0  0.00 2 70.0967 70. 1 737 70. 1 454 36.7532 
0. 1 0  0.00 3 70. 1 479 70.2369 70.2073 33.2584 · 
0.40 0.00 4 69.9898 70.0653 70.0371 37.351 0 
0.40 0.00 5 70.0589 70.1 342 messed up 
0.40 0.00 6 70.0328 70. 1 038 70.0796 34.0845 
0.75 0.00 7 69.4404 69.4796 69.4641 39.5408 
0 ,75 0.00 8 70.2774 70.31 89 70.3049 33.7349 
0.75 0.00 9 70.2969 70.3421 70.3243 39.3805 
1 .00 0.00 1 0  70.2 1 30 70.2583 70.2408 38.631 3  
1 .00 0.00 1 1  69.8296 69.8697 69.8529 41 .8953 
Error 
CTAB !mM! Samele Mean Error 
0. 1 0mM 34.7545 36.7532 33.2584 34.9220 
0.40mM 37.351 0 34.0845 35.71 78 
0.75mM 39.5408 33.7349 39.3805 37.552 1 
1 .00mM 38.631 3 41 .8953 40.2633 
Avg Deviation 
CTAB (mM! Samele Mean Avg Dev 
0. 1 0mM 0. 1 675 · 1 . 83 12  1 .6636 1 .2208 
0.40mM 1 .6333 1 .6333 1 .6333 
0.75mM 1 .9887 3.81 72 1 .8284 2.5448 
1 .00mM 1 .6320 1 .6320 1 .6320 
9 1  
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CTAB NaCl clean w/oil after bath 
imM! !mM! Coueon wt,s wtzs wt,g % cleaning 
0. 1 0  2.50 1 70. 1 304 70.21 87 70. 1 878 34 .9943 
0. 1 0  2.50 2 70.0967 70. 1 847 70. 1 5 16  37 .61 36 
0.40 2 .50 3 70. 1 475 70.2353 70.201 5 38.4966 
0.40 2 .50 4 69.9895 70.0759 70.0462 34. 3750 
0.40 2 .50 5 70.0585 70. 1 401  70. 1 055 42.4020 
0.75 2 .50 6 70.0335 70. 1 1 04 70. 0795 40. 1 821  
0.75 2 .50 7 69.4404 69.51 49 69.4822 43.8926 
0.75 2 .50 8 70.2772 70.3476 70. 3 1 67 43.8920 
. 1 . 00 2 .50 9 70.2978 70.3691 70. 3339 49.3689 
1 .00 2 .50 1 0  ' 70.2 1 35 70.2820 70.2539 4 1 .021 9 
1 .00 2 .50 1 1  69.8299 69.8969 69. 8696 40.7463 
Error 
CTAB imM! Samele Mean Error 
0 . 1 0mM 34.9943 37:61 36 36.3040 
0.40mM 38.4966 34 .3750 42.4020 38.4245 
0.75mM 40. 1 821  43.8926 43.8920 42.6556 
1 .00mM 49.3689 41 .021 9 40.7463 43.7 1 24 
Avg Deviation 
CTAB !mM! Samele Mean Avg Dev 
0. 1 0mM 1 .3097 1 .3097 1 .3097 
0.40mM 0.0721 4 .0495 3.9775 2.6997 
0.75mM 2.4735 1 .2370 1 .2364 1 .6490 
1 . 00mM 5.6565 2.6905 2 .9661 3.77 1 0 
92 
Conductivity 
SOS (mM) NaCl (mM) Voltage (V) Current (Amps) 
1 0 .00 0.00 1 0 .00 0 .006 
9.00 0.00 1 0.00 0.006 
8.00 0.00 1 0 .00 0.005 
7.00 0.00 1 0 .00 0.005 
6.00 0.00 1 0 .00 0.004 
5.00 0.00 1 0.00 0.003 
4.00 0.00 1 0 .00 0 .003 
3.00 0.00 1 0 .00 0.002 
2.00 0.00 1 0.00 0.001 
1 .00 0 .00 1 0 .00 0.001 
0.00 0.00 1 0 .00 0.000 
1 2 .00 2 .50 1 0.00 0 .02 1  
1 0.00 2.50 1 0 .00 0 .01 8 
8.00 2 .50 1 0.00 0 .01 9 
6.00 2.50 1 0 .00 0.01 6  
5.00 2 .50 1 0 .00 0.0 1 4  
4.00 2.50 1 0.00 0 .01 3 
2.00 2.50 1 0 .00 0. 01 0 
1 2 .00 1 .00 . 1 0 .00 0.0 1 8  
1 0 .00 1 .00 1 0 .00 0 .0 1 6  
8.00 1 .00 1 0.00 0.01 5 
6.00 1 .00 1 0.00 0.0 1 3  
5 .00 1 .00 1 0 .00 0.01 1 
4.00 1 .00 1 0 .00 0.009 
2.00 1 .00 1 0 .00 0.006 
93 
CTAB {mM} NaCl {mM} Voltage (V} Current {Ames} 
0.00 0.00 30.00 0.000 
0. 1 0  0.00 30.00 0.001 
0.40 0 .00 30.00 0.004 
0.75 0 .00 30.00 0.008 
1 .00 0 .00 30.00 0.01 0 
0. 1 0  2 .50 30.00 0.031 
0.40 2 .50 30.00 0.036 
0.75 2 .50 30.00 0.034 
1 .00 2 . 50 30.00 0.043 
0. 1 0  1 .00 30.00 0 .01 3 
0.40 1 .00 30.00 0.0 1 6  
0.75 1 .00 30.00 0.01 7 








Houghton International Inc. Revision Date : 1 2/21 12000 
Material Safety Data Sheet 
MAR-TEMP OIL 355 
1. Chemical Product and Company Identification 
MAR-TEMP OIL 355 Emergency 
Phone Number 
Houghton International Inc. 
Madison & Van Buren Aves FAX 
Valley Forge, PA 1 9482 
Customer 
www .houghtonintl.com Service 
(610) 666-4000 




24 HOUR - (800) 424-9300 
(CHEMTREC) 




>60 TLV: 5 mg/m3 as oil mist 
PEL: 5 mg/ma as oil mist 
STEL: 1 O mg/m3 as oil 
mist 
Other: N/E 
NIE - Not Established; NIA - Not Applicable; Mfr - Manufacturer Recommendation 








3. Hazards Identification 
EYES, SKIN, INHALATION 
MISTS MAY CAUSE IRRITATION OF UPPER RESPIRATORY TRACT. 
MILD IRRITANT. 
MAY BE A SLIGHT IRRITANT ON PROLONGED CONTACT. 
NO SIGNIFICANT EFFECTS KNOWN. 
NO COMPONENT KNOWN TO BE PRESENT IN THIS PRODUCT AT GREATER 
THAN 0. 1 % IS LISTED AS A CARCINOGEN BY IARC, NTP OR OSHA. 
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Houghton International Inc. 
Material Safety Data Sheet 
MAR-TEMP OIL 355 
3. Hazards Identification - continued 
Revision Date : 1 2/21/2000 
PRE-EXISTING SKIN AND RESPIRATORY CONDITIONS MAY B E  









Note to Physicians 




4. First Aid Measures 
REMOVE TO SOURCE OF FRESH AIR. 
FLUSH WITH WATER 15 MINUTES; CONSULT PHYSICIAN IF  I RRITATION 
PERSI STS. 
WASH WITH SOAP AND WATER. REMOVE CONTAMINATED CLOTHING AND 
LAUNDER BEFORE REUSING. 
DO NOT INDUCE VOMITING; CONSULT PHYSICIAN. 
NO SPECIFIC ANTIDOTE KNOWN. BASE D  ON INDIVIDUAL REACTIONS OF 
THE PATIENT. THE PHYSICIAN'S JUDGMENT SHOULD BE USED TO 
CONTROL SYMPTOMS AND CLINICAL CONDITIONS. 
445°F 
coc 
5. Fire Fighting Measures 
Page 2 
Continued on Next Page 
Houghton International Inc. 
Material Safety Data Sheet 
MAR-TEMP OIL 355 
Revision Date : 12/21/2000 





Unusual Fire or Explosion 
Hazards 









CARBON DIOXIDE, FOAM, OR DRY CHEMICAL. 
NONE. 




NIA • Nol Applicable; ND • Nol Determined; > • Greater Than; < • Less Than 




6. Accidental Release Measures 
APPLY OIL ABSORBENT TYPE MATERIAL AND SWEEP UP. 
7. Handling and Storage 
AVOID CONTACT WITH STRONG OXIDIZERS. WASH THOROUGHLY AFTER 
HANDLING. 
KEEP CONTAINERS CLOSED WHEN NOT IN USE. 
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Houghton International Inc. 
Materia l  Safety Data Sheet 
MAR-TEMP OIL 355 
8. Exposure Controls/Personal Protection 
Revision Date : 1 2/21 /2000 
LOCAL EXHAUST IF MISTING; GENERAL VENTILATION OTHERWISE. 
SAFETY GOGGLES OR SAFETY GLASSES WITH SIDE SHIELDS. 
NORf-4ALLY NOT NEEDED. RUBBER IF SKIN IS SENSITIVE. 
REQUI RED IF EXPOSURE LIMITS IN SECTION II ARE EXCEEDED. 
EYE WASH ANO SAFETY SHOWE R RECOMMENDED. 
Comments: Never eat, drink, or smoke in wort( areas. Practice good personal hygiene after using this material. especially befOl"e eating, 
drinking, smoking, or applying cosmetics. 
9. Physical and Chemical Properties 
Appearance CLEAR DARK LIQUID pH (Neat) N/A 
Odor BLAND Water Solubil ity INSOLUBLE 
Vapor Pressure LESS THAN 1 Boiling Point GREATER THAN 250°F 
(mmHg) 
Freezing/ Melting N/D 
Vapor Density GREATER THAN 1 Point 
(Air = 1 )  
Evaporation Rate LESS THAN 1 
Specific Gravity 0.874 (BuAc = 1 )  
(Water = 1 )  




1 0. Stability and Reactivity 
THIS PRODUCT IS STABLE AT ROOM TEMPERATURE IN CLOSED 
CONTAI NERS UNDER NORMAL STORAGE AND HANDLING CONDITIONS. 
STRONG OXIDIZERS. 
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RCRA Hazardous Waste 
Number 
Proper Shipping Name 
353550 
Houghton International Inc:. 
Material  Safety Data Sheet 
. MAR-TEMP OIL 355 
10. Stability and Reactivity - continued 
THERMAL; OXIDES OF CARBON. 
Revision Date : 1 2/21/2000 
HAZARDOUS POLYMERIZATION WILL NOT OCCUR. 
1 1 .  Toxicological Information 
NO DATA AVAILABLE 
12. Ecological Information 
NO DATA AVAILABLE 
13. Disposal Considerations 
FOLLOW PERTINENT REGULATIONS FOR DISPOSAL. IT IS THE 
RESPONSIBILITY OF THE PRODUCT USER TO DETERMINE, AT THE TIME OF 
DISPOSAL, WHETHER A MATERIAL CONTAINING THE PRODUCT OR 
DERIVED FROM THE PRODUCT SHOULD BE CLASSIFIED AS A HAZARDOUS 
WASTE. (40 CFR 261 .20-24) 
NA 
14. Transportation Information 
NOT HAZARDOUS 
Page 5 
Continued on Next Page 
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Houghton lntematlonal Inc. 
Material  Safety Data Sheet 
MAR-TEMP OIL 355 
1 5. Regulatory Information 
Revision Date : 1 2/21 /2000 
ALL OF THE COMPONENTS IN THIS PRODUCT ARE ON THE TSCA 
INVENTORY. 
NONE 
THIS PRODUCT CONTAINS NO TOXIC CHEMICAL SUBJECT TO THE 
REPORTING REQUIREMENTS OF SECTION 313 OF TITLE I l l  OF THE 
SUPERFUND AMENDMENTS AND REAUTHORIZATION ACT OF 1 986 AND 40 
CFR PART 372. 
THIS PRODUCT WAS NOT MANUFACTURED, DOES NOT CONTAIN, ANO 
WAS NOT PACKAGED USING ANY CLASS I OR CLASS I I  OZONE 
DEPLETING SUBSTANCE AS DEFINED BY THE CLEAN AI R ACT. 
16. Other Information 
GARY CARL 
MANAGER, PRODUCT SAFETY 
Disclaimer: The infonnation presented herein has been compiled from sources considered to be dependable af\d is accurate as of tha date 
issued. However, since data, safety standards, and government regulations are subject to change and the conditions of handling and use 
are beyond our control, Houghton International makes no warranty regarding the accuracy of such data or its suitability for any purchaser's 
use or for any consequence of its use. The data in this MSDS relates only to the specific material designated herein and does not relate to 
use in combination with any other material or in any process. Safe handling and use remains the responsibility of the purchaser and the 
purchaser has the sole responsib�ity to determine the suitability of the materials for any use and the manner of use contemplated. Houghton 
International assumes no responsibility for injury to the recipient or to third persons or for any damage to any property and the recipient 
assumes all such risks. 
353550 
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End of MSOS 
Vita 
The author was born in Greeneville , Tennessee on February 25 
1 977. She attended Newmansville and Hal Henard Elementary School, 
Greeneville Middle School. The author received an Honors Diploma from 
Greeneville High School in 1 995.  She started her Bachelor of Science 
Degree in Chemical Engineering at Auburn University then transferred to 
The University of Tennessee , Knoxville where she received her degree in 
May 2000. In August 2000, she started pursuing her Master of Science 
Degree in Chemical Engineering at the University of Tennessee , 
Knoxville . The author currently resides in Knoxville , Tennessee . 
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